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INTRtHJUCTION 


This  report  describes  ar,  experiment  on  small,  shallow- burled  arches  d  sheet  steel 
tested  in  Operatioii  Snowbali  un.ier  Pruiect  3.4  and  correlates  the  resuUs  with  a  previously 
derived  theory.  The  prime  objective  cJ  the  work  was  to  check  the  adequacy  of  the  theory  In 
predictli^  body  moti(»is.  Seccmdary  objectives  were  to  measure  shock  input  and  shell  respone* 
TT'"  investlgalioft  was  c'V^'crr.ed  n-lll.  al.uIUt  v*  ‘h^  t>p«'»oo*n  in  Fig»w«  t, 

which  constitutes  the  Navy's  standard  personnel  shelter.  The  project  was  sponsored  by  the 
Defense  Uomlc  Support  Agency  through  the  Bureau  of  Yards  and  Docks. 

Poll- Structure  interaction  research  has  been  conducted  at  ..he  Naval  Civil  Engineering 
Laiioratory  (NCEL)  over  the  past  several  years  In  an  effort  to  gain  information  which  will 
provide  guides  In  Use  design  of  underground  structures.  Mcwt  of  thts  work,  due  to  the 
tlmitations  of  available  equipment,  has  been  on  systems  subjectMi  to  plane- wave  loading. 
Nuclear  explosions  produce  a  traveling- wave  loading.  Such  loading  may  evoke  quite  a  differed 
response  in  some  modes  of  behavior,  Including  the  body  motions. 


Figure  i .  navy  wandard  s'neiter. 
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Ac4uii>lng  an  undnratarxitng  and  a  means  of  analyzing  the  body  motion  eventually  wUI 
permit  the  achlevemeid  of  an  c^imum  design  where  the  m(*lon  is  sufficient  to  develop  arching 
In  Use  covering  soil  and  yet  Is  small  enough  to  Insure  against  i  ipturlng  water  seals  or 
damaging  equipment  and  pereonnel.  Obtaining  data  on  tlie  shell  behavior  wUl  permit  an 
evaluation  oi  the  influence  of  the  traveling  wave  in  inducing  antisymmetrlcal  mode  response. 

!jj  addUloft,  there  is  a  need  for  shock-input  data  to  permit  the  design  of  proper  isolators  for 
equipatetit  and  personnel  and  to  determine  when  such  isolators  are  required.  The  shock  input 
data,  however,  is  net  expected  to  scale  to  prototype  situations  although  it  should  provide  an 
idea  at  the  character  of  the  shock  input  function. 

Dtda  from  the  Operation  Piumbbds  structures  3.3  showed  that  the  blastward  fockir.£s 
deflected  coosliteraMy  more  tl  an  the  leeward  iooUngs.  I  Thus,  It  appears  that  a  buried  arch 
may  m^ergo  beth  roUtTJoal  and  translational  body  £:otioRS.  Subsequent  eepertmeMs  In  the 
KCEL  blast  simulator  have  shown  that  the  translational  body  motion  of  a  burled  arch  is  likely 
to  be  the  dominant  mode  of  response  under  both  static  and  plane  wave  blast  loading.**^  Th^e 
tests  also  shoved  that  considerable  arching  Is  developed  In  the  soU  bridge  over  the  structure. 
Similar  tests  on  burlsd  cylinders  (where  the  deflection  of  the  structure  with  respect  to  the  soil 
field  ms  small)  shoved,  by  contrast,  that  very  little  arching  was  developed.  I^rom  the  tests 
in  the  blast  simulator.  It  became  evident  that  the  percentage  of  surface  load  transmitted  to  a 
burled  arch  is  a  function  of  the  footing  width.  Wide  footings  reduce  the  body  motion  but  result 
in  relatively  large  interface  pressures.  Narrow  footings  permit  an  arch  to  punch  into  the  soil, 
thus  enabling  a  large  portion  of  the  surface  load  to  be  transmitted  through  the  soil  bridge 
across  the  structure. 

Under  static  loads,  arching  provides  considerable  atkied  capacity;  tovever,  under 
dynamic  loads  there  remains  a  question  as  to  whether  or  not  permitting  appreciable  relative 
deflections  between  the  structui  a  and  the  surrounding  soil  is  desirable.  No  doubt  the  shear 
forces,  terned  archil^,  are  developed  if  sufiiciently  large  relative  displacements  occur. 
Unfortunate./,  these  same  motions  permit  the  soil  over  the  arch  to  achieve  a  momentum,  and 
subeequent  (Kssipatlon  of  the  momentum  loads  the  structure. 

Based  on  these  observations,  a  theory  was  developed  for  estimating  the  magnitude  of 
relative  denectlon  necessary  to  develop  the  maximum  possible  arching  and  to  approoclmate  the 
maximum  percentage  of  the  surface  loading  which  could  be  carried  by  arching  for  a  given  depth 
of  soli  cover.  A  more  elaborate  theory  of  arching  for  a  trapdoor  system  has  been  complete^ 
based  on  the  assunqAlon  that  the  soil  field  acts  as  an  elastic  material  In  compresslMi  but  is  not 
capable  of  resisting  tensile  stress.^  The  latter  work  provides  curves  which  show  the  influence 
of  the  various  parameters  Involved. 

The  tiapdoor  system  is  analogous  to  the  buried  arch  if  the  span  of  the  structure  is  taken 
as  the  width  of  the  trapdoor  and  the  arch  dcflecUon  relative  to  the  adjacent  soil  is  taken  as  the 
displacement  of  the  trapdoor.  The  buried  arch  problem  represents  the  greater  difficulty 
because  dL  the  '.ootlugs  which  inUuoice  deflection. 

Footing  iMhavlor  is  in  Itself  a  perplexing  problem.  Only  recently  has  an  ceiplariation  been 
(tflered  for  surface  footings  on  grantdar  soil  reconciling  what  was  previously  thought  to  be 
coriflicting  data.  ^  This  work  Ulusirates  that: 

...  if,  on  the  surface  of  a  dense  sard,  a  dynamically  loaded  footing  Is  forced  Into 
the  sand  very  rapidly,  it  will  fail  In  the  punching  shear  mode,  a  slow  rate  of 
settlement  of  the  same  tooting  will  cause  it  to  fail  in  the  general  shear  mode.  The 
peak  dynamic  load  carried  by  the  footing  subjected  to  rapid  settlements  may  be 
three  times  the  static  bearing  capacity  of  the  footing,  while  Blow  setUements  may 
result  In  peak  dynamic  loads  of  about  1.0  to  1. 2  times  the  static  bearing  capacity 
of  the  same  looting. 

Even  with  this  step  forward  in  understanding,  peradoxes  remain.  Dynamic  footing  tests  with 
surcharge  pressure^  do  not  appear  to  behave  the  same  as  the  footings  ot  burled  arches. 
Further,  for  burled  structures,  arching  and  footing  effects  are  interdependent,  thus 
complicstlng  Interpretation  of  behavior. 

In  an  effort  to  account  for  arching  and  footing  action,  a  theory  has  been  derived  for 
predlctli^  the  body  motions  of  a  shallow- buried  arch.  This  theory  served  as  the  hypocnesla  for 
the  Project  3. 4  experiment.  Field  teats  were  chosen  as  a  means  ui  cnscklng  the  theory  rather 
than  attempting  to  get  the  required  data  in  a  shock  tube  or  similar  facillt>’  for  several  reasons 
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the  main  onet  being:  <  I }  to  obtain  reliable  results.  It  was  desirable  to  use  a  larger  model 
than  could  oe  accommodated  In  any  existing  shock  tube,  and  (2)  field  testl*^  re^ksces  adverse 
boundary  effects  inherent  in  soil  test  bins- 

Model  studies  and  testing  SKperimice  led  the  authors  to  beslleve  that  arches  Wxtb  a  minliButtt 
span  of  adx>ul  30  taiches  were  desirable  to  acMeve  confidence  in  Initial  totperlments.  This  is 
one*  teith  the  span  of  the  Project  3.3  arches.  Limitations  of  InstmmeniatlOQ  ami 

hinds  dtetateid  thsd  only  four  hkhMs  of  this  sis*  could  be  included,  light  If 'inca  ihasssrtfa* 
models  also  were  incorporated  In  the  program  Ln  an  effort  to  get  some  Idea  of  the  ihflu<mce  of 
footing  width,  di^pth  of  burial,  and  the  faUiure  load. 

In  subsequent  paragraphs  the  theory  which  formed  the  basis  i  >r  the  experimental  piss 
and  the  tests  is  outlined. 


THEORY 

A  theory  for  predicting  the  botiy  motions  of  a  thin  metal  arch  ai  shallow  burial  Is  given  in 
Appendix  A.  The  iMalc  assumf^ion  ct  this  theory  is  that  a  soil-stress  wave  soveloplng  the  arch 
is  equivalent  to  an  impulse  which  imparts  an  MUal  trsnslstional  and  angular  velocity  to  the 
structure.  It  is  presumed  that  there  is  sufficient  load  to  induce  failure  phmes  In  the  soil.  The 
structure  is  assumed  to  undergo  purely  iTgtd-body  motioas  insoiar  as  ftading  the  dstlcctloo  of 
the  footings  is  concerned.  With  these  and  certain  other  assumptions,  ttie  equations  are  written 
for  the  initial  angular  and  translational  veloclttes.  Thereafter,  the  arch  and  its  covering  soil 
are  tveated  as  a  simple  model. 

Writing  the  equation  of  vertical  motion  for  the  model  provides  the  maximum  dliq^lacements 
of  tlw  two  footings  which,  for  tong-duration  loading,  becomsa 


^max 


where  p 
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average  surface  aide-on  overpressure  above  structure 
arch  radius 
arching  shear 

coefficient  at  subgrade  reaction 
footing  width 

u.-dal  tranelatlooal  velocity 
initial  angular  ’wlocity 
natural  translational  frequency 
natural  rotational  frequency 
Naperlan  constant 


Vj  «(c-»Eptand)(r'^d^} 


(1) 
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where  ^ 


angle  of  friction  of  soil 


e  -  coefficient  of  cohesion 


k  =■  at  rest  coefficient  of  lateral  earth  pressure 
p  =  average  surface  pressure  over  arch 
cSq  “  depth  of  soil  cover  over  crown 


The  precediitg  ettuatioos  show  that  Jetermtnatlnn  of  the  looting  deflection  requires  four 
“Oil  ternis,  three  geometric  dlnicnslous,  and  the  surface  piessure.  The  first  lertTi  on  the 
right-hand  sitte  of  Equation  1  is  the  deflection  due  static  toad  while  the  second  and  third 
tenns  represent  tlte  deflection  due  ta  the  initial  translational  velocity  mid  initial  angular' 
■reiocity.  ThEse  iarter  two  terms  axe  usuaiiy  reiaiiveiy  smaJi  compared  with  the  deflection 
from  static  loading. 

For  short-duration  loads,  the  sc  tion  for  the  body  deflections  is  much  more  complex 
thui  Equation  i ;  therefore,  the  solutio,  was  programmed  for  a  digital  computer.  Preshot 
predictions  were  made  with  this  program  for  the  input  values  given  at  the  bottom  of  Table  I. 
These  input  values  are  close  to  the  actual  measured  quantities  except  that  the  properties  of  the 
soil  as  placed  were  somewhat  different  (see  Appendix  A).  Predicted  peak  values  of  deflections, 
velocities,  and  accelerations  also  are  given  In  Table  I.  Peak  deflections  predicted  at  the  60-psl 
overpressure  level  were  Just  over  1  inch.  Little  rotation  was  predicted  for  the  conditicxis  of 
the  SOO-ton  trial. 

ft  can  be  cmciuded  from  solutions  of  Equation  I  that,  except  for  the  applied  load,  the 
arching  term,  Vj,  and  the  foundation  modulus,  k^,  are  of  dominant  Importance  in  governing 
the  body  motion  of  the  structure. 

As  previously  mentioned,  an  equation  has  been  developed  elsewhere”^  for  the  maximum 
percentage  of  the  surface  load  which  can  be  carried  by  arching  for  any  given  depth  ul  soil 
cover,  \n  approximate  relatlcm  also  Is  given  for  the  deflection  required  to  develop  this 
arching.  Thus,  the  means  are  available  tor  Judging  whether  or  not  deflections  are  tolerable. 

For  estimating  purposes,  the  shear  term  could  be  set  to  zero  and  the  static  deflection  com- 
pement  merely  taken  as  the  product  of  the  surface  pressure  times  the  radius  divided  by  the 
foundation  modulus.  Neglecting  arching  shear  would  tend  to  compensate  for  the  angular  and 
translational  velocity  terms.  This  could  be  used  as  a  first-approximation  check  on  deflections 
from  long-duration  load  experiments. 

In  the  paragraphs  that  follow,  the  Operation  Snowball  Project  3  4  experiment  is  described 
and  the  results  are  compared  with  the  theory. 


EXPERIMENTAL  WORK 

Test  Program  and  Description  of  Arch  Models 

In  Implementing  the  objectives  of  Project  3.4,  four  30-lnch  span  and  eight  12-inch  span 
burled  arches  were  loaded  in  the  SOO-ton  hlgh-expIoslve  shot.  A  plan  view  of  the  project  Is 
shown  In  Figure  2.  Basic  information  on  the  physical  dimensions  of  the  arches,  the  depth  of 
burial,  and  loading  conditions  are  Included  In  Figure  2  and  Table  11.  A  bottom  view  of  one  of 
the  four  large  arches,  CA-1  through  CA-4,  Is  shown  In  Figure  3.  The  four  arches  had  an 
Identical  geometry,  except  that  CA-4  had  Its  longitudinal  axis  normal  to  a  radius  from  ground 
zero.  The  large  arches  were  intended  to  provide  information  on  the  body  motion  and  the 
response  of  the  shell. 

Of  the  small  arches,  CA-5,  CA-6,  and  CA-7  were  to  provide  information  on  the  effect  of 
footing  width;  CA-j,  CA-8,  and  CA-9  were  to  provide  Information  on  the  Influence  of  tlie  depth 
of  burial;  CA-10,  CA-11,  and  CA-12  were  to  provide  information  on  the  mode  of  failure  of  the 
burled  arches. 
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Table  L  Preshrt  Footing  Responae  Predictions 


Parameter 

i 

Overpressure 

(p8S) 

45 

60 

^  1 

00 

Pressure 

ration 

(msec) 

Its 

9? 

0© 

Deflection 

0.  88 

1.12 

1.  50 

(in.) 

Blastwar 

0.92 

i,  13 

1. 60 

Velocity 

Leeward 

36.10 

47,44 

66.  30 

(in./sec) 

Blast  ward 

36.  50 

47,81 

66.43 

Acceleration 

Leeward 

17.7 

23.2 

32.9 

Cg) 

Blastward 

16.0 

22.1 

32.5 

Depth  of  cover  over  crown 

-« 

6  in. 

Arch  radius 

m 

IS  in. 

Footing  width 

lO 

1.  20  in. 

Footing  deptit 

sc 

1. 92  in. 

Soil  density 

3t 

110lb/ft3 

Mass  of  arch  and  footing 

= 

0. 46  slug 

Foundation  modulus 

te 

300  ib/ft3 

Cohesion 

at 

0 

.Angle  of  internal  friction 

s 

35  degrees 

Coefficient  of  lateral  earth  pressure 

B 

0.32 

Velocity  of  stress  wave  in  soil 

m 

1, 300  fps 

Footings  for  the  large  arches  were  fabricated  from  steel  angles  welded  together  to  form 
a  rectangular  box  section.  Theae  footings  were  fastened  to  the  arch  shell  by  piano  hinges 
brazed  to  the  footlrtf  s  and  riveted  to  the  arch  shell.  The  footings  were  held  ai'art  by  rectangular 
struts  sharpened  on  the  bottom  to  minimize  resistance  as  they  were  forced  into  the  aoll.  A 
sketch  of  the  footings  and  braces  la  shown  In  Figure  4.  Tlte  end  walls,  of  1-1/3-lnch  thick 
plywood,  were  designed  to  act  Independently  of  t  ic  arch.  This  was  accomplirt»ed  by'  mounting 
the  end  walls  on  an  internal  4 -Inch  diameter  aluminum  pipe  strut  extending  the  length  d  the 
arch  as  shown  in  Figure  5.  A  strip  of  fl-mll  plastic  was  attached  with  fabric  tape  around  the 
semicircular  perimeter  of  the  end  walls  and  fasten*  d  lo  the  arch  to  prevent  sand  from  sifting 
through  the  1/4-lnch  void  between  the  ends  at  the  arch  and  the  end  walls. 

When  the  arches  were  placed,  soli  was  filled  to  within  1  ^4  Inch  of  the  top  of  the  Inside  of 
the  footlr^s.  A  l/4-lnch  plywood  sheet  was  laid  upon  the  soil  (elmulstlng  a  fleeting  floor  slab) 
so  that  the  top  of  the  plywood  was  flush  with  the  top  of  the  footings.  The  floor  acted  free  of  the 
arch  and  footings. 

The  physical  arrangement  ior  the  small  arches  was  identical  to  that  for  the  large  onee 
except  ttiat  the  footing  for  arch  CA-7  was  solid  steel. 
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Table  D.  Dtm'-jrkifiuns  of  Soil -Arch  System 


Arch 

No. 

Radius 
of  Arch 
{in.) 

Length 
at  Arch 
(in.) 

Footing; 

Width 

(in.) 

Footing 
Height 
(in- ) 

Thickness 
of  Arch 
(gage)* 

Depth  of 
&irlai  {Crown) 

(In. ) 

CA-1 

16 

57.fi 

1.23 

1.875 

H 

e 

CA-2 

IS 

57. S 

i.25 

t.875 

14 

6 

CA-3 

15 

57.6 

i.  25 

1.875 

l4 

1 

6 

CA-4 

15 

57.  6 

1 . 25 

1 . 875 

1  4 

#1  i 

{ 

CA-5 

6 

24 

n  5 

0,7 

28 

6 

CA-6 

6 

24 

1,0 

0,7 

28 

6 

CA-7 

e 

24 

0.25 

28 

6 

cA-a 

6 

24 

0.5 

28 

0 

CA-S 

6 

24 

0.5 

0.7 

28 

4 

CA-IO 

6 

24 

0.5 

0,7 

28 

6 

CA-1 1 

6 

24 

0.5 

0.7 

28 

6 

CA-12 

6 

24 

0.  5 

0.7 

_ 

28 

6 

*14  gage  Birminghatn  sheet  Is  0, 078S  In.  thick;  28  gage  Birmingham  sheet  Is  0.0)56  in.  thick 


Models  CA-1  throt«h  CA>3  were  placed  in  a  sand  l  ackfUl  in  an  excavation  of  the  shape 
Ir'iicated  In  Figure  8.  The  other  models  were  In  similar  pits.  Careful  consideration  was 
given  to  how  large  the  pit  should  be  to  avoid  deleterious  boundary  effects.  Judgment  and 
«Kpertence  Indicate  that  the  soil  within  a  few  footing  widths  of  the  footing  is  of  dominant 
Influence  In  governing  the  footing  drflectlon  relative  to  the  soil  field  since  this  Is  the  region  of 
high  stress  concentration.  Since  body  motions  were  the  main  concern,  there  was  no  apparetU 
need  for  a  large  pit  providing  one  could  supply  logic  to  support  the  tenet  that  arching  across 
the  pit  would  not  be  large. 

Heuristic  reasonir^  can  be  advanced  to  evince  the  ImprobabtUty  of  significant  effects 
from  arching  across  the  pit  as  foUows;  (1)  ft  has  been  shown  that  development  of  large  arching 
requires  sizable  relative  deformations,  (2)  the  difference  in  the  vertical  soil  modulus  of  the 
sand  and  the  clay  are  not  sufficient  to  develop  relative  deformations  of  the  magnitude  required 
for  significant  arching  to  occur. 

Because  of  the  impedance  mismatch  between  the  sand  fUl  and  the  silty  clay  of  the  free 
field,  reflected  waves  mlgtft  be  expected  from  the  bottom  and  the  back  of  the  pit.  These 
reflections  occur  within  a  very  short  time  as  compared  with  the  fundamenUl  period  of  the 
structure  and,  therefore,  would  not  have  any  appreciable  effects  on  the  amh  velocities  nr 
deflections.  For  th*  preceding  reasons,  the  size  of  the  pit  used  was  considered  quite  adeq  ate 
for  purposM  of  the  Pro)e<;t  3.4  experiment. 

A  description  of  the  soil  used,  a  dellnaatlon  of  Its  properties,  and  briefs  of  the  methods 
employed  in  the  main  soil  tests  are  given  In  Appendix  B. 
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Figure  2.  Plin  view  of  Project  3.4 


FljiU'’e  3.  Buttuia  v»ew  o!  arch. 
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Flgurt  4.  Scctloii  thruuuh  {Vwtinti;, 


Figure  5.  End  wall  and  ptp«  strut. 


Thera  Is  good  reason  for  using  a  granular  barkfUl  in  the  model  inetallatlone  as  well  as  in 
prototype  structures.  Ssome  o"  the  nialrs  roasons  art  as  follows; 

1.  Ivsrge  shear  strengths  can  t»  develc^d;  a  leaser  portion  of  the  strength  is  tost 
with  wetting  than  occurs  In  cohesive  soils. 

2.  Granular  materials  can  be  compacted  much  more  easily  and  uniformly  than 

cohesive  sotis. 

3.  Granular  materials  provide  tremend<ju8  strength  from  passive  resistance  that  is 
not  always  available  with  clays. 

Go<jd  compaction  of  backfll!  soils  Is  exceedingly  Important  In  gaining  large  active  and 
passive  pressures  at  sma.'l  defloctlons.  This  is  especially  true  If  moisture  present  (as  tt 
usually  li'ould  be  in  pi-actlcal  situations)  introducing  an  "apparent  coheelon"  in  the  soil. 

St?;- mil  plastic  sheets  were  placed  2  Inchet^  l>elow  the  surface  of  the  soil  to  impair  the 
transmission  of  pore  pressure  through  the  soil  ae  Indicated  in  Figure  P.  The  Intent  was  that 
only  Iritergranr^ar  pressures  should  be  sensed  by  the  arch  dui'tog  the  initial  period  of  response 
to  maximum  deflection.  In  prototype  arches,  the  larger  depth  of  soil  cover  would  serve  as  a 
filler  to  the  pore  pressui’es.  In  models,  4  plastic  sheet  Is  needed  for  this  purpoee  to  gale 
8imjl=irlty. 
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Figure  6.  Arch-soU  ayatem. 


Instrumentation 


A  total  of  30  ehaimels  of  electron}?  measurements  were  made.  Twenty-nine  of  tliese 
were  on  arch  CA^2  as  indicated  in  Figure  7.  addition,  there  were  veioetty  gagee  on  the 
biastward  and  leeward  iootings  and  a  surface  pressure  gage  at  each  of  archee  CA^l  and  CA^-S. 
The  36th  channel  was  a  velocity  gage  on  the  southeast  comer  cd  the  Inetrumeot  bunker. 

Besides  the  alsctronir.  meaaurernentSj  two  plastic  scratch  boards  were  employed  in  focch 
arch  to  dtfine  the  maxianim  deflections  of  various  points  on  the  arch  with  respect  to  the  footings 
and  the  floor.  To  accoas^iish  this,  the  plastic  scratch  boards  were  placed  hack-to-back,  one 
haiog  attached  to  the  fleer  and  the  atlAss'  attached  to  the  fomings.  SeHbes  for  the  scratch 
boards  were  attached  to  the  shell  at  7,  20,  40,  90,  140,  16Q,  and  173  degrees  around  the  large 
arches  and  at  7,  90,  and  173  degrees  on  the  small  arches.  Deflections  of  the  arch  with  respect 
to  the  footings  were  not  expected  to  be  sufficiently  large  to  be  detectable  for  the  small  arches. 
Three  vertical  rods,  one  attached  to  the  crown  and  one  attached  to  each  footing,  provided 
reference  points  for  survev  measurements. 

The  iidended  purposes  of  the  measurements  were  as  follows: 

1.  Free- Field  Deflections.  These  measurements  w«re  t.,  deter«ii.»e  the  sagi*  «  “*• 
soil  str^s  wave  front  with  the  horizontal,  to  define  the  seismic  velocity  of  the  stress  wave, 
and  to  measure  the  free-fteld  deflections  for  comparison  with  the  body  motions  ths  arch. 

2.  Drilections.  Footing  deflection  measurem«at8  wmre  primarily  for  defining  the  body 
rsotions  of  the  structures.  The  scratch  gages,  however,  were  for  determining  the  maximum 
displacements  cA  the  intrados  with  respect  to  the  floor  and  footings.  The  welding  rods  wsre 
simply  a  backup  for  the  electronic  measurements  and  were  to  stqiply  tnformati€»i  on  maximum 
deflections  even  if  the  electronic  measurements  were  lost.  Velocity  gages  were  used  in  lieu 
of  deflection  gages  on  the  footings,  because  of  the  inaccessibility  of  a  fixcu  reference  point. 

The  velocities  are  integrated  to  obtain  deflections.  Arch  deflection  measurementB  were  for 
determining  the  predominant  mode  of  vibration  and  the  movement  of  the  arch  with  respect  to 
the  footings. 


Strains,  Strains  measured  around  the  arch  were  used  to  define  ths  thrust  and 
moment  distribution.  In  addition  to  permitting  definition  of  stresses,  these  measurements 
prove  ustfui  in  a  study  of  archil^.  Strains  in  the  tie  rod  were  used  to  measure  the  horis(nital 
thrust  in  the  footings. 

4.  Accslsrations.  Accelerometers  were  included  primarily  for  getting  some  Idea  of  the 
shock  input;  however,  these  records  also  were  integrated  for  velocity  and  d^ectlon.  Such 
integrations  are  not  always  successful. 

5.  Surface  Pressure.  These  gages  were  for  defining  the  loading.  All  of  the  electronic 
gages  on  the  structure  were  employ^  in  defining  the  natural  periods  of  vibration  oi  the  system. 

No  electronic  instruments  were  used  with  the  13* inch  diameter  models;  however, 
measurements  of  rotation  and  relative  downward  dlqilacements  were  attempted  uelrg  a 
precision  level.  TTie  models  were  exhumed  after  the  shot  to  obse’^ve  their  condition. 

A  more  detailed  description  of  the  transducers  and  electronic  Instruments  employed  Is 
given  in  Appendix  C.  Further  information  on  the  instrumentation  setup  its  given  In  the  Test 
Procedures  Section. 

Test  Proceduree 

Introduction.  This  section  summarizes  the  procedure  followed  In  completing  preparatione 
for  the  tests  and  the  precautiemary  measures  taken  to  assure  adequate  control  in  order  to 

achieve  good  results. 


Electronic  instrumentation  layout  of  ma4el  arch  CA-2. 


SequeiKe  of  ^mta.  After  the  locetlone  of  the  pite  were  eatehllehad,  a  trencher  vae 
vuied  to  oUain  vertical  walls  along  the  back  and  sidee.  A  backhoe  waa  need  to  ecoop  out  the 
soil  and  to  form  the  sloping  from  wail  and  the  horizontal  bottom.  The  pit  was  trimmed  by  hand 
to  the  final  dimensiCNU  (see  Flguroe  €,  B,  and  d). 

CaWe  trenches,  4-feet  deep,  were  f»m  tlse  bunker  to  the  pita.  Thirty-six 
were  lal'^  In  these  tr«»u;h4»  plus  two  e.'vtra  cables  to  each  Inidrumeirted  iocatk».  The  eatra 
cables  v  e  e  incltsded  as  a  safety  factor  in  case  of  cable  failure  and  also  to  prorlde  sparse  for 
additional  use  such  as  the  detomUion  circuit  in  the  cowered  Tibraiion  taet. 

Elevations  lor  the  grade  line,  plastic  sheet,  crown  of  the  model,  and  bottom  of  tiie 
footing  were  established  with  respect  to  a  bmich  mark  on  the  bunker.  Four  wooden  stakM  were 
driven  imo  the  bottom  of  e^h  pit  jmtti^sosed  to  the  side  and  the  elevatkm  markings  were 

^tabllshed  usii^  a  surveyor's  level. 

Since  the  sand-drop  method  waa  used  for  backfilling  the  pita  with  dry  aand,  densities 
corresponding  to  drt^  hi^ht  and  rate  oi  flow  had  to  be  determined  before  any  aand  could  be 
placed.  The  density  waa  determinsd  with  a  test  boac  using  a  drop  height  of  SO  inches  and  a  rate 
of  flow  correspondliig  to  a  full-open  valve.  The  drop  height  and  rate  (d  flow  were  carefully 
maintalne«l  during  backfilling.  See  Appendix  B  for  a  dtacueelon  at  the  method  and  a  deeer^ptloa 
at  the  equipment  and  test  box. 

lArovK  performed  in  the  pits  consisted  of  the  following  primary  steps: 

1.  Backfllllt^  to  ths  footing  cievatlon. 

2.  Levei?r)4i:  the  sand  at  the  footing  tdevatlon. 

3.  Conducing  plate  bearing  tests  to  determine  the  fo«ndatk»  modulus. 

4.  Preparing  the  models  for  placing. 

5.  Placing  the  models. 

6.  Backfilling  from  the  bottom  of  footing  elevation  to  the  floor  elevation  (4  large 
30  lnch-diam«tcr  models  only). 

7.  Settbig  scratch  gages  and  completing  model  aseemldy. 

8.  Continuing  backtllllng  to  plastic  sheet  elevation. 

9.  Placing  plastic  sheet. 

10.  Completing  backfilling. 

11.  Measuring  the  change  In  crown  height  with  respect  to  the  footing  height  (change  in 
roundness),  using  the  leveling  rods  attached  to  each  model,  and  reeettlni  the  roda. 

The  secondary,  •  delailed,  procedural  steps  varied  with  the  else  of  the  models  and 
also  the  amount  and  type  of  instrumentation  on  the  models.  Tbs  following  detailed  procedure 
was  used  for  Model  CA-2,  the  arch  with  the  most  Instruments.  After  the  pit  was  faisekfUled  to 
the  footing  elevation  to  provide  a  sand  layer  of  controlled  density  bsneath  the  arch,  the  toll  was 
leveled  to  Insure  good  uniform  contact  between  sand  and  footing,  and  four  plaie  bearing  tests 
were  conducted  to  determine  the  foundation  modulua.  Flgui's  9  shows  the  vertical  wooden 
elevation  markers,  the  horizontal  steel  rods  for  leveling  the  soil  surfico,  and  ths  plate 
bearing  testing  device  with  its  frame,  dial  gage,  and  welghfa.  The  eeMte  of  the  levying  rode 
were  attached  to  short  vertical  angles.  A  hammer  and  carpenter's  level  were  used  to  tap  the 
angles  Into  position  and  to  check  the  level.  Low  spots  on  tte  sand  surface  were  filled  by  the 
sand-drop  method,  and  a  special  screeder  was  used  to  cit  away  the  high  spots.  Sand  anm 
never  pushed  with  the  screeder;  instead.  It  was  lifted  to  insure  unllstarbed  density  control. 
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Figure  8.  Backfilling  equU>ment. 
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Fig\tr«  9,  Device  tor  plate  bearing  teats  and  setup  for  trimming  sand. 


Next,  the  arch  was  prepared  for  placement.  The  Instruments  were  liwteUad  and 
calibrated,  the  initial  out-of-roundnese  of  the  arch  was  recorded,  and  the  elevation  rods  were 
set  level.  All  recording  instruments  were  checked  for  correct  sign  and  direction  of  trace 
deflections.  A  series  of  staUc  loads  and  impact  loads  wars  then  appUed  to  recheck  the 
direction  and  relative  magnltudea  of  the  trace  deflections  and  to  dstermlne  the  wlMirlsd 
mtural  period  of  the  arch.  Nsart,  the  arch  was  placsd  In  the  pit  with  the  cablas  dieeonnaeted 
for  ease  of  handlli^.  Backfilling  from  the  footi^  elevation  to  the  floor  elevation  was  done  bjr 
hand;  then  the  floor  was  placed.  The  scratch  gages  were  set,  the  cables  connected,  the 
instruments  chscked,  a  no-load  msasursmsnt  taken,  the  cannon  plugs  waterproofed,  and  the 
«id  walle  assembled.  Eventually,  the  model  was  backfilled  and  a  layer  of  plastic  was  placed 
3  Inches  below  grade  as  was  done  with  all  the  models.  Last,  the  effects  of  the  overburden 
were  measured  using  the  electronic  instrumenta  and  the  vertical  rods.  The  rods  were 
idjuated  to  protrude  2  Inches  above  grade. 

Subaequently,  a  natural  period  test  was  performed  on  the  covered  arch.  The  flret 
nonextenslonal  eym  metrical  mode  period  was  sswlted  by  nploding  a  small  charge  over  arch 
CA-2.  The  charge  consisted  of  two  2-gram  tetro  pellets  taped  to  a  blasting  cap.  A  hemi¬ 
spherical  mud  cap  was  placed  over  the  tj^sper  portion  of  the  charge  to  direct  the  shock 
downward.  The  assembly  was  suspended  from  the  apsa  of  a  tr%>od  about  10  inches  abo*  ?  the 
soU  surface  and  directly  over  the  center  of  the  purch. 

To  complete  the  test,  a  blasting  cap  connected  to  an  Initiation  circuit  v«s  dstonaled  while 
output  from  the  various  transducsrs  was  rscorded  on  the  oscillographic  equ^ment.  During  this 
tiiue,  all  attaiuationo  were  deCr eased  by  a  factor  of  five  over  the  corresponding  eetdngs  for 
the  trial. 
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A  postbuiial,  preshot  survey  was  made  to  measure  the  elevation  of  each  model 
(accuracy  *  0,  OOS  ft)  with  respect  to  the  bench  mark  on  the  bunker  and  the  bench  marie  In  the 
Canadian  Sector  oi  the  blast  range.  The  elevation  of  the  ceiAer  rod  of  each  arch  was  recorded 
and  the  rods  on  each  side  then  were  adjusted  to  the  level  of  the  center  rod.  These  measure- 
mttits  were  repined  i^er  the  blast  as  backiip  measurements  to  determine  the  permanent 
translational  and  rotational  body  motions.  A  vsloctty  ga^e  was  mounted  on  the  bunker  near  the 
bench  mark  to  m&svtre  the  movement  of  the  bench  mark. 

FlnaUy.  the  models  were  subjected  to  the  SOO-  <on  high  wcploslve  shot,  a  postshot  survey 
was  taken,  and  the  models  were  recovered. 

Backfilling  and  Soil  Control.  Since  the  arch  response  theory’  (Appendix  -A)  contains 
several  soli  iHurameters  to  wklck  the  maximum  di^ectitms  are  sensitive,  U  was  necessary  to 
maintain  close  control  over  the  soil  parameters  in  the  experimerd.  For  that  r«tson,  special 
sand  was  procure^  from  Kimmitt  Concrete  Limited,  Medicine  Hat,  Alberta.  Satwl  with 
satisfactory  gradation  was  delivered  to  the  blast  range  at  less  than  l*perc«it  moisture  content 
and  was  stored  under  a  plastic  sheet  to  prevent  contamination. 

Teats  were  performed  to  determine  the  basic  pre^erties  of  the  material  as  sutwequently 
described.  These  included  a  special  test  lor  density  employing  a  segmeited  box  and  plate 
bearing  teats  for  determining  the  foundation  modulus. 

The  device  shown  In  Figure  S  was  used  to  backfill  all  of  the  pita,  ft  was  lifted  and 
positioned  by  a  truck-type  crane.  The  device  consisted  of  a  steel  frame,  three  steel  barrels, 
three  flexible  hoses,  and  three  inverted  funnels  containing  sieves.  The  sand  containers  were 
the  steel  barrels,  open  at  the  top,  with  orifices  and  valves  at  the  bottom.  The  barrels  could 
be  used  individually,  two  at  a  time,  or  all  three  simultaneously  by  placing  them  in  the  steel 
frame.  Cables  were  provided  for  lifting  a  barrel  singly  or  for  lifting  the  frame  with  Its 
3>barrel  load.  A  flexible  hose,  3  feet  long,  was  attached  over  the  orifice  on  the  bottom  of  «ich 
barrel  by  a  fire  hose  covqpllng.  At  the  lower  end  of  each  hose,  there  was  an  inverted  sheet 
meftal  funnel  containing  three  sieves. 

A  five-man  crew  was  used  during  most  of  the  backfilling  operation;  crane  operator, 
frame  rider  to  operate  valves,  and  three  hose  handlers  to  direct  the  flow  of  sand.  The 
following  procedur  e  was  used: 

1.  The  sand  was  hand  shoveled  into  the  barrels  with  the  valves  closed.  If  three 
barrels  were  being  used,  they  were  mounted  on  the  frame. 

2.  The  crane  was  used  to  move  the  device  to  a  position  beside  the  pit. 

3.  The  rider  mounted  the  frame. 

4.  The  device  was  lifted  about  5  feet. 

5.  The  flnlble  hoses  were  attached. 

6.  The  device  was  positioned  over  the  pit  to  achieve  a  drop  height  of  30  inches.  The 
drop  height  was  measured  from  the  lowermost  point  on  the  inverted  funnel  to  the 
backfill  surface. 

7.  The  ride  opened  the  valves  and  the  hose  handlers  slowly  moved  the  hose  and  funnels 
to  and  f’  o  to  direct  the  flow  of  sand. 

8.  The  aand  flowed  from  the  barrels  through  the  hoses  and  sieves,  out  of  the  Inverse 
funnels,  and  dropped  30  inches. 

9.  The  sand  was  built  ig)  evenly  -  the  surface  kept  as  level  as  possible. 

10.  The  drop  height  wae  corrected  periodically  as  the  sand  surface  level  raised  In 
the  pit. 
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11.  The  rider  regulated  the  flow  with  the  ralrea  and  then  cloeed  the  ralTee  at  the 
coneltuilon  of  the  operation 

12.  The  device  waa  moved  away  from  the  pit. 

13.  The  flexible  hoses  were  disconnected. 

14.  The  device  v  as  lowered. 

15.  The  rider  lemounted. 

16.  The  device  was  returned  to  the  ean^pile  tor  loading. 

After  the  pits  were  bacldftUed,  they  were  covered  with  plywood  rnt^m  s«d  jUmil  plaettc  to 
prevent  water  and  duet  contamination. 

Subsequent  checkout  of  the  instrumentation  readied  tbe  project  for  the  shot. 


RESULTS  AND  DISCUSSIONS 
General  Observations 

DiUa  obtained  during  the  Project  3.4  CRperiment  waa,  tn  gnaeral,  quite  good,  ft  shoved 
that  the  characteristics  of  the  rsspmue  of  the  four  large  archee  were  about  as  expected, 
although  the  magnitudes  of  the  various  measursments  were  larger  than  predicted.  The  larger 
models  wlth.stood  the  overpressure,  however  moderate  damage  was  inflicted  im  two  cd  them  by 
large,  hard  clods  of  clay  in  the  ejecta.  These  unanticipated  clay  bomba  did  not  obscure 
achlevemeid  of  the  prime  objectives  of  the  experiment. 

The  ejecta  from  the  shot  deposited  a  layer  <d  material  of  varying  thickness  over  the 
arches  which  averaged  from  about  6  Inches  at  the  arches  furthsst  from  ground  zero  to  about 
12  Inches  at  the  closest  arches.  Fortunately,  steel  rods  which  projected  several  inches  above 
the  surface  were  located  in  the  corner  of  each  pit  prior  to  the  shot.  These  rods  wwe  relatively 
easy  to  find  and  greatly  facilitated  poetshot  recovery  of  the  structures.  Immediately  after  the 
posUhot  survey,  the  structures  were  cexhumed  and  carefully  extmined  for  damage.  At  this 
time,  the  scratch  boarda  and  tranaducers  were  removed. 

Deleterious  effects  of  the  ejecta  precluded  accompUshm<mt  of  the  tertiary  objectives  of 
learning  something  of  the  Influence  of  footing  width  and  depth  of  cover.  Thia  information  was 
to  be  obtained  from  preshot  and  postshot  meaaurements  on  the  eight  small  arches. 
UnfortuiuUely,  most  of  these  arches  were  smashed  by  the  impact  of  the  large  clods.  The 
postsbc^  condition  of  the  archei,  as  observed  after  being  mchumed,  is  listed  in  Table  in. 
Postshot  views  of  arches  CA-10  and  CA-2,  Uluetratlng  typical  damage,  are  shown  In 
Figures  10  and  11.  Ironically,  the  arch  which  had  the  least  damage  was  CA>12,  tbe  om  closest 
to  ground  zero  and  aubjected  to  the  highest  overpressure.  Examination  ot  the  surface  showed 
that  no  large  clods  fell  Immediate y  above  this  structure. 

As  Indicated  in  Table  m,  the  large  archee  were  nut  grossly  damagsd.  From  tbe  nature 
of  the  dentc  in  the  archee,  there  Is  no  doubt  they  were  due  to  the  ejecta.  The  multiple  poundlnf 
by  the  large  clods  is  clearly  obaervahle  on  the  oscillograms  starting  at  about  7  ascoods  from 
detonation  zero.  This  pounding  left  some  of  the  scratch  gage  records  contplvfly  scribbled, 
although  the  complete  motion  Is  clearly  defined  on  many  of  the  scratch  bosrds. 

Direct  mon  <tary  loss  from  the  destruction  of  the  smaller  models  was  small  sines  they 
were  cheap  to  build,  Inewpenslve  to  install,  and  Involved  no  costly  Inetninentatloo.  The  lose 
of  time  was  more  serious;  It  may  be  several  yeara  before  another  shot  or  a  suitable  simulator 
Is  available  for  duplicating  thaae  tasts. 

Fortunately,  all  electronic  equipment  performed  w^l  during  the  trial  and  records  were 
obtained  for  all  transducers  as  shown  In  the  osciilograms,  FIgurss  D*  1  through  D>  IS  of 
Appendix  D.  All  transducers  functioned  properly  •icspt  the  velocity  gage  on  the  bunker  and  two 
of  the  surface  pressure  gages.  Backup  salf>recordlng  pressure  gagee  provided  the  neuded  data; 
consequently,  malfunction  of  the  two  electronic  pressure  gages  did  not  result  in  loss  of  rsqutrsd 
data.  Time  of  arrival  of  the  surface  pressure  wave  and  duration  ot  this  mve  were  obtaiaabls 
from  the  pressure  records.  All  other  electronic  Instrumentation  fuactiooed  properly. 
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Figure  lO.  Postshot  view  of  arch  CA-lO. 


Flgui  e  11.  Poalshot  view  of  arch  CA-2. 
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Table  HI.  Poetshot  Ci  cUtion  of  Arches 


Arch 

No. 

PuaialaA  Co^mIUIuo 

CA-l 

The  right  end  (facing  the  arch  from  the  blast  side)  was  dished  downward 
2-1/2  inches;  the  left  end  was  dished  downward  5/8  Inches;  the  center  of 
the  crown  was  resting  on  the  plastic  scratch  boards,  and  the  plastic  had 
pushed  cbwn  the  floor. 

1  CA-S 

The  rl05t  end  (facing  tha  arch  from  the  blast  side)  was  dished  to  f’ong  the 
back  (lee)  side  about  4  inches.  This  damage  extemted  about  IC  inches 
frora  the  end  of  the  arch.  Otfaei  wiae,  the  modal  was  in  good  oondttKm. 

CA-3 

Good  condltlori;  permanent  displacement  of  the  crown  at  the  ends  was 

5/16  and  .3/tfi  Inch. 

CA~4 

BcAh  ends  were  dished  downward;  the  leeward  eiui  was  worse  than  the 
blastward  end;  the  center  of  the  arch  contacted  the  plastic  scratch  boards 
but  did  not  break  them. 

CA-5 

Fairly  good  condition;  crimped  slightly  in  on  the  blastward  side  and  out 
on  the  leeward  side  near  the  spring  line. 

CA-6 

One  end  was  in  good  condition,  the  exher  end  buckled  completely  with  the 
end  down  around  the  pipe. 

CA-7 

Flattened. 

CA-8 

Flattened. 

CA-9 

Both  ends  were  bent  down;  the  center  was  held  up  by  the  plastic  scratch 
boards. 

CA-10 

One  end  was  buckled  down,  the  center  was  resting  on  the  plasUc  scratch 
boards,  and  the  other  end  was  in  good  condition. 

CA-11 

The  leeward  side  of  one  end  was  caved  in;  the  remainder  of  the  arch  was 
in  good  condition. 

CA-12 

Good  condition;  evidence  showed  that  the  crown  at  the  center  at  the  arch 
had  struck  the  plastic  scratch  boards;  the  scratch  boards  were  broken. 

The  records  yielded  a  surprising  amount  of  data  including  information  on  ground  motion 
and  ejecta.  Though  not  necessarily  intended  as  such,  the  arches  were  good  ground  motion 
and  ejecta  sensors.  For  example,  the  records  clearly  show  the  arrival  of  a  secondary 
ground  wave  200  milliseconds  after  the  arrival  of  the  air  biaaf  at  the  425~foot  distance  from 
ground  zero.  Tills  wave  also  was  found  on  the  Project  3.0  records  of  the  Waterways 
Experiment  Station.  Ijder  In  tinie  on  the  NCEL  records,  about  7  seconds  after  arrival  of 
the  blast,  the  large  chunks  of  ejecta  itnpacted  on  the  surUce  above  the  buried  arches  and 
produced  considerable  excitation  of  the  various  gages.  Some  of  these  missiles  ware  quite 
massive  a.^d,  judging  from  the  time  from  blast  to  impact,  must  have  been  thrown  to  heights 
upwards  of  200  fee*. 

As  a  word  of  caution,  it  should  not  be  assumed  that  the  behavior  of  the  small  archss  is 
representative  of  what  would  happen  to  a  prototype  at  the  same  ovsrprssaure  under  a  nuclear 
loading.  In  so  extending  the  results,  modeling  effects  must  be  taken  into  considmration. 
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fo  tMs  regiard,  ona  inescapable  deduction  from  the  records  fe  that  hiih>i^q»iofiive  tMte 
are  a  poor  sabMtiute  for  a  large  nuclear  detonation  in  cmdtKtlng  sotl>«trticture  interaction 
eKperiments.  £ven  with  the  small  models  employed,  the  overprassure  had  decayed  to  lees 
tham  ane>half  of  Its  peak  value  prior  to  occurrence  of  the  peak  d^ection  of  the  arch.  A 
ICKOg-thurstion  loading  would  vutly  eia^tlily  the  comparison  of  the  data  with  theory  and  the 
forimdltm  of.  valid  judgments  r^ardii^  the  real  problem  concern,  namely,  providtag 
idielters  capable  cd  resisting  nuclear  wei^ns  effects. 

Uncovered  Itetural  Period  Tests 

When  excited,  an  arch  tends  to  vibrate  In  the  modes  indicated  in  Table  IV.  Records  from 
t«it5  of  striking  or  pushing  and  releasing  arch  CA-2  gave  the  periods  indicated  In  Table  V. 

Also  Included  are  theoretical  values  of  the  periods  as  determined  from  the  equation 
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in  which  equals  a  constant  corresponding  to  the  vario;w  mode  shapes  as  follows: 

(eKtensional  mode)  »  13.7 

Cj  (first  symmetrical  Inextenslonal  iiK>de)  »  8. 1 

(first  anUsymroetrlcal  ineKtmsional  mode)  ^  2.2 
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r 
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natural  frequency  of  mode  n  (cycles/second) 
natural  period  of  vibration  of  mode  n  (seconds/cycle) 
arch  radius  (in.) 

flexural  stlffnees  of  arch  (ib-in.^) 
mass  per  unit  of  arc  length  (lb-sec  Vln  *) 


As  may  be  seen  in  Table  V,  the  nperlmental  values  of  the  period  were  reasonably  close  to  the 
computed  values  In  both  cases. 

EXfects  of  Overburden 

Initially,  a'.l  of  the  arches  were  out-of- round  to  some  degree;  in  most  cases,  the  radius 
si  the  crown  was  less  than  the  design  radius.  Initial  out-of- roundnsss  of  arches  CA- 1,  CA-2, 
and  CA-3  is  shown  In  Figure  12.  When  the  overburden  was  placsd,  the  crowns  of  eleven  of 
the  twelve  arches  movsd  upward,  thus  improving  the  roundness  of  the  arches.  ITie  maximum 
rise  of  the  crown  on  any  of  the  arches  was  3/32  inch  (for  arch  CA-2,  this  upward  deflection 
was  0.  02  inch). 

Moments  and  ttorusts  lEltroduced  on  taackfUlliig  were  negligibly  small. 

Covered  Natural  Period 

Detonation  of  the  small  charge  over  arch  CA-2  Induced  vibration  with  a  fundamwital 
period  of  19.8  mllUseconds.  This  U  appreciably  less  than  the  45- millisecond  uncovered  period 
(Table  which  indicates  that  the  stlffwdng  effect  of  the  soli  has  much  more  inflacncs  on  the 
natural  period  than  the  added  mass  of  soil  over  the  structure.  This  behavior  has  been  observed 
In  other  experiments^  and  has  been  eattrtained  in  a  theoretical  study  ■  ^ 


Tai>le  fV.  Deflection  Modes  of  an  Arch 


I.  Exteniionai  Mod* 


SomcKnwi  coiled  compmsion 
mode 


H.  tnaxtensionol  Mods* 
S/mmetrtcoi 


1 ,  I  kt  lymiwh'lcol 

(  bendirkj)  -  con^-enion ) 


2.  2nd  symmetrical 

(  banding  •  compraui  on  ) 


B.  Aiititymmatricol 


1 .  is*  ontiiymmatricol 
(lataral  bandit^  mod*, 
flaxurai  mode,  dafiaction 
moda) 


2,  2nd  antisymmatricol 


Table  V.  Natural  Periods  of  Uocoaved  Arch  CA-S 


Tj  (wtanslonal  mode) 

Tj  (ilrn  inenensionai  eymmetrical  tnode) 

Tg  (first  IneKtnoslonal  ai^ymmslrteal  mode) 


Natural  Period  of  Uaeoeered  Arch 

(maee/cycl^ 

Computed 

fitperlmaatai 

n.5 

- 

38.1 

48 

140 

ltd 

Blast  Loading 


Maasured  peak  pressures  v'ere  almost  exactly  the  same  as  those  predicted  (era  Tatde  VI). 
Positive  phase  bv  contrasty  were  4Q  percest  irtnyur  pred^^iedL  The  pressure 

data,  for  the  most  part,  was  taken  from  the  Ballistics  Research  Laboratory  (BRL)  self> 
recording  pressure  gage.  At  the  location  of  model  CA>1,  the  positive-phase  duration  measured 
by  the  Wlancko  pressure  gage  was  used  because  the  BRL  self-recording  gage  at  this  location 
failed  part  way  through  the  loading  history.  Arrival  times  at  all  locations  were  determined 
from  the  Wlancko  gages.  The  peak  pressures  from  the  Wiancko  gages  were  not  used  because 
oi  failure  of  two  of  them  to  respond  to  tiie  InttUl  pressure  spike;  apparently  dust  was  entrapped 
in  the  orifict  twles  of  these  gagee.  Blast-line  data  was  used  to  confirm  the  pressure-time 
Mormation.  The  shape  of  the  pressure  pulse  differed  markedly  from  the  theoretical 
(Friedlander)  ncponentlal  decay  corresponding  to  the  measured  peak  pressures  and  durations 
in  that  the  Impulse  and,  thus,  the  effective  triangular  l<»d,  was  much  smaller.  This 
characteristic  is  s^iparent  in  the  pressure-time  plots  of  Figures  13  through  16. 


Arch  Behavior 

Deflection.  The  motions  of  the  structures  were  greater  thaT  predicted.  Relative  dsBsetions 
of  various  points  around  the  perimeter  of  arch  CA-a  at  10,  20,  3J,  and  43  mlUiseeonds  are 
indicated  In  Figure  18  together  with  the  residual  deflecttone  at  2  seconds.  As  nmy  bs  seen,  the 
first  antlsymmetrical  mode  deformations  were  small  as  conytu'sd  to  the  first  symmstrlcal 
mode  deformations.  Although  the  curve  s  are  b  .<ed  upon  only  three  Uectronk  measurements, 
the  shape  is  known  to  be  correct.  The  shape  was  determined  from  the  moment  diagram  and 
from  the  scratch  gage  records.  It  should  be  kept  in  mind  that  the  deflections  indlcatsd  in 
Figure  18  were  relative  to  the  footings  of  the  structure. 

Deflection  versus  time  data  for  the  three  gaged  points  on  the  perimeter  of  the  structure 
are  shown  In  Figure  17.  The  peak  deflection  at  the  sides  occurred  at  the  time  equal  to  the 
buried  natural  period  of  the  structure.  Peak  deflection  at  ths  crown  occurred  at  28  milUseconds, 
a  time  slightly  longer  than  the  19.8  millisecond  period.  The  maximum  deReetlon  of  the  crown 
with  respect  to  the  footing  for  arch  CA-2  was  1. 2  Inches  or  about  10  percent  of  the  radius. 
Signlflcantiy,  the  resKktal  deflection  at  the  crown  was  less  than  I/IO  inch. 

Considerable  Insight  into  the  deflection  behavior  of  the  arches  Is  dsrtvabls  from  ths 
scratch  board  traces,  Figures  D-14  through  D-21  td  Appendix  D.  in  InterprsUng  these  records, 
it  should  be  pointed  out  that  the  plastic  scratch  boards  sheared  off  at  ths  east  footii«  ol  arch 
CA-4  and  at  the  blastward  footing  of  arch  CA- 1.  These  ^urss  probably  were  caused  by  the 
crown  striking  the  plastic  sheet  on  its  downward  excursion.  Ths  scratch  gags  traces  wars  iwsd 
primarily  lor  checking  the  denections  determined  by  other  menus. 
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Table  VI.  Blast  Load  Parameters 


— 

Arch 

Range 

(ft) 

Measured  or 
Predicted 

Peak  Overpressure 

(pel) 

Load  Duration 
(msec) 

^[^eise^ 

^i-msec) 

t&ximum 

Value 

Effective* 

Actual 

EHective* 

CA-l 

aes 

Measured 

96.7 

83 

149** 

30 

1,211 

Predicted 

85 

- 

82 

- 

- 

CA.2 

425 

Measured 

63.1 

60 

124 

39 

1,146 

Predieted 

60 

“ 

97 

- 

CA-3 

428 

Measured 

50.0 

45 

134 

45 

1,005 

Predicted 

45 

- 

118 

- 

- 

^Effective  peak  overpressure  and  effective  load  duration  are  those  values  obtained  by 
using  an  equivalent  triangular  decaying  load^  with  equal  impulse,  when  the  impulse 
is  taken  to  the  time  of  maximum  footing  deflection. 

**Thi8  measurem«it  was  taken  from  Wlanckc  pressure  gage;  all  other  durations  are 
from  BRL  self-recording  gages. 


Table  vn.  Strains  in  Arch  CA-2 


Strain  Gage 

Strain  (/lin./in. ) 

Peak  Strain 
(pin. /In.) 

Time  to 
Peak  Strain 
(msec) 

Number 

Position 

At 

10  msec 

At 

43  nrisec 

Degrees 

Inside  or 
Outside 

20  msec 

30  msec 

SGI 

7 

Outside 

>390 

>425 

>305 

>245 

>445 

21 

SG2 

7 

Inside 

<640 

-690 

-480 

-360 

-705 

21 

SG3 

30 

Outside 

230 

>315 

>373 

>360 

>380 

31 

SG4 

30 

Inside 

-560 

-475 

-455 

-435 

-585 

7 

8G5 

40 

Outside 

>45 

>575 

>715 

>660 

>720 

31 

SG6 

40 

Inside 

-365 

-790 

-820 

-775 

-830 

26 

SG7 

90 

Outside 

-345 

>1,740 

>820 

>670 

>1,890 

16 

SG8 

90 

Inside 

>60 

>1,  540 

>1,  150 

>1,230 

>1,540 

21 

SCO 

105 

Outside 

-465 

- 1, 080 

-1,270 

-1, 190 

-1,290 

25 

SGIO 

105 

inside 

>215 

>1,610 

>1,590 

>1,460 

>1,630 

28 

SGI  I 

ISO 

Outside 

0 

>605 

>890 

>815 

>930 

28 

SG12 

130 

Inside 

-215 

-890 

-940 

-820 

-1,000 

26 

SG13 

155 

Outside 

>225 

>645 

>780 

>790 

>815 

36 

SG14 

165 

Inside 

-695 

-875 

-970 

-825 

-1,000 

23 

*tGl5 

173 

Outside 

>230 

>520 

>565 

>465 

>665 

21 

SGIO 

173 

Inelde 

-615 

-775 

-785 

-605 

-1,300 

8 

SG17 

— 

Brace 

>55 

_ _j 

-325 

-265 

-155 

-395 

19 

_J 

34 


1 


I 


x»re 


90* 


OcftACtlon  (in.)  D«fl*ction  (fn.) 

inward  dallactian  <$  potifiva 


Flgor*  10.  DaQacUon  dfagrmm,  arch  CA>2. 


KomaiiUi  awl  Thmata.  Montai^  and  ttmats  were  determined  Iron  the  atralne  given  In 
Table  VH.  Strain  data  In  general  wan  good,  although  there  was  sorne  extranetHia  atraln  near 
the  crown  Imparted  by  the  rotation  of  the  vertical  rod  employed  for  determining  deflectlonn 
with  the  preehot  and  poatabot  survey  maaauremcnta.  Tha  rod  Intro^ad  a  moment  which 
influenced  the  strains  within  a  region  of  ±15  degreee  oi  the  crown.  Aa  a  conaequetice,  it  was 
necessary  to  t  erclse  consldarable  Judgmant  in  liderpratlng  the  strain  data  Sor  determlnatlona 
of  the  thrusts  and  tha  moments  at  the  crown.  Up  to  10  milliseconds  In  time,  thve  was  little 
adverse  Influence  of  the  vertical  rod  at  the  crown.  At  this  and  later  timee,  attecte  of  the 
verticci  rod  were  evidwt,  although  the  moment  wns  predominantly  that  corresponding  to  the 
first  Inexteneional  aymmetrlcal  mode  of  deformation. 

A  second  influence  which  ahould  be  considered  in  InteipreUng  the  dau  Is  the  accuracy  of 
the  moments  and  thrusts,  dspendlng  upon  whsthsr  thsy  were  determined  from  a  sum  or 
dliterence  of  the  strain  dhta.  In  cases  whsrs  the  msgnltadss  of  the  strains  are  largn  and  the 
thrust  or  momsnt  dapeods  on  the  difference  of  the  strain  data,  much  of  the  accuracy  la  lost. 

Spatial  dlstrlbutlao  of  momonts  In  arch  CA,>S,  at  varloua  tlmea,  la  given  la  Figures  18 
through  22.  Ifomeid  dlatrlbutlon  dllfered  from  that  In  thlnser  arches  previously  tsstsd  In  the 
blast  simulator.  ^  ^  In  tbs  tattsr  arches,  the  momsnt  dlstiibation  was  much  more  irregular 
and  exhibited  a  large  moment  about  8  degrees  from  the  spring  IIok.  No  such  bahnvlor  was 
dlscsmlbls  In  ths  Projsct  3.4  atraetures. 

Momsots  on  ths  Isswnrd  aids  of  arch  CA,«  2  wars  about  SO  percent  larger  than  those  on 
the  blastwnrd  side  at  all  tlmea.  Typical  momnUtlmc  curves  at  various  points  on  the 
pertmetv  are  shown  la  Figure  S3.  From  this  It  may  be  seen  that  maximum  moment  at 
different  points  oeeurrsd  at  dUfarant  timss.  Moment  variation  was  much  more  irregular  than 
variation  in  the  thrust. 


26 


gpownd  hmv 


Momant  (in,*lt^n.  ) 


Figure  18.  Momeirt  diagram  at  tO  mlUlseeanda,  arch  CA'2. 


Figure  19.  Ilomant  diagram  at  30  milliaeconda,  arch  CA-'2. 


Moimnt 


Hgure  as.  Momont  varans  tima  tor  poaltlooa  around  arch  CA-3. 
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dtstributiun  of  tli«  thrust  around  th«  pertm<>t^r  of  the  arch  was  fairiy  uniform  at 
alJ  timee,  as  he  seer,  from  the  plots  of  Figures  M  through  38.  At  all  statkms  and  at  all 
times,  the  thrust  was  appreciably  less  than  the  product  ot  the  surface  pressure  times  foe 
radius,  the  thrust  under  hydrostatic  load  ooaMfttkms.  Varistton  of  the  fortmts  with  time,  at 
various  stations  aroun'^  the  arch,  may  In  Figure  29.  At  the  20-  and  40-degree 

stations,  the  peak  thrust  was  reached  in  about  10  mlUlssconds;  at  the  T-degree  statkm,  the 
peak  thrust  was  reached  at  approKiznattdf  IT  milliseconds.  Restdual  thruits  were  essentially 
aere  at  all  statiotM. 

Footing  Behavior 

P^Bction.  Absolute  dl^lacemenl  oi  the  footings  was  obtained  from  Integndliw  of  the 
velocity  traces.  DeHecticm  versus  time  curves  from  these  data  are  presented  in  Figures  30 
through 

Peak  footing  d^ectlons  In  all  cases  occurred  between  42  and  46  miUiseconils;  maximum 
values  are  givmt  in  Table  Vm.  ft  should  be  noted  that,  at  tbs  time  ol  mszimsm  footihg 
defleetics,  the  surf  ace  preesufe  had  decayed  to  about  Oae-f«db  of  peak  value;  thus,  tim 
deflections  were  nxuch  smaller  than  would  have  bewt  induced  by  a  megatem  nuclear  weapon. 
Absolute  dlsplacemeids  of  the  two  polrks  for  which  measurements  were  made  in  the  tree  fl^d 
also  are  given  in  T^e  vm.  The  peak  atisolute  dlsplacsmeat  ci  the  free  field  at  the  elevation 
of  the  footings  was  Q.  662  loch.  ITie  relative  dlsplacemtnt  cd  tbs  looting  of  arch  CA-2,  with 
respect  to  a  point  in  the  free  field  at  the  same  elevation,  was  0. 91  inch. 

A  check  on  the  reasonableness  of  the  deflections  from  the  velocity  gages  Is  obtainable 
from  the  scratch  gages;  the  scratch  gage  traces  are  given  in  AppendSa  D.  Scratch  traces 
nearest  the  footings  showed  a  maximum  d^placement  ot  the  footing  with  respect  to  foe  floor  of 
1. 00  inch.  Motion  of  the  Ooor,  as  determined  from  the  corrected  douUe  integration  of  the 
floor  acceleratioa,  was  0. 62  inch.  Ihe  sum  of  these  qjuantttles  Is  1. 83  Inchee,  almost  exactly 
the  same  defiectfon  obtained  from  integration  of  the  vtioclty  trace. 


Figure  34.  Thrust  diagram  at  10  mtUleeconds,  arch  CA-3. 


ThfutI  } 


FUcuf^e  28.  thru«t  diagram  at  t  aacooda,  arch  CA^^l. 


D«fl*clton  (In.)  Dtfl^cHon  (In.) 


Fjgw*  31.  D«n«cttOD  at  til*  iMwmrd  toadag,  arcb  CA- 1. 


Figure  32.  Deflectloii  of  th*  blastwurd  *nn*««Ti  uch  CA^l. 


3S 


D«n«ction  (in.)  D«fl«ctf€in  (in»)  O«ff«ction  (in.) 


Figure  33.  Deflection  of  the  leeward  footing^  arch  CA>2. 


Figure  34.  Oelectlon  of  the  blaetward  footing,  arch  CA'3. 


Figure  35.  Deflection  of  the  leeward  footing,  arch  CA-3. 
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Table  VOL  Peak  Values  of  Body  Motions 


■,..a«^aa£^'ar--' 


o 

3  “ 

M 

r-«  M 

es  «0 

o  w 

#-4 

— 

CD 

1  3 

A  <fc 

00  00 

a  i 

icT  d" 

^  H 

M 

M 

01  C4 

S  S 

«  « 

00  1^ 

e-4  «>0 

^  05 

of  00 

«»  t> 

g  p 

to  to 

■D 

s 

*  * 

lO.SOO 

10,300 

«  « 

1 

i 

5 

o 

C4 

i  “ 

M  «9 

00  «-i 

o 

9  « 

CD 

1!^ 

00  b- 

•  • 

CD  CD 

•0  CD 

2  o 

s  ^ 

. 

^  n 

b-* 

f  b- 

O  ca 

S  S 

»«  o 

c-  t>^ 

♦  ♦ 

i> 

*0 

8 

0 

1 

<o  « 

•  « 

r*  CO 

•0  D- 

00  v4 

t-  *• 

'••  M 

g-  •« 

M  <D 

4 

1 

1 

O 

r« 

1 

IS  ■*« 

^  4f> 

S  3 

9  O: 

oi  m 

d  d 

•0  ^ 

?:  P 

d  d 

i  - 

^  n 

Jt* 

«D  O 

10  « 

§  1 

«i«  s»4 

8  S 

■o 

s 

?  2 

^  ci 

w  £ 

94  t- 

O 

s 

1 

■S  ^ 

«  1 

1  j 

I  3 

3  j 

CO  J 

•  2 

M  0 

1  J 

«n 

91 

10 

9 

i 

Arch 

t 

< 

Cl 

_ ___J 

• 

£. 

« 

< 

r  3 

_ I _ 

9> 

t 

r  \ 

et 

5 

I 


i 

3 


I 

i 

s 


o 

s 

I 


I 

i 

i 


i 


37 


Vrioe^  md  Accalgratl^.  Variation  of  valoetty  with  tima  for  arches  CA-l,  CA-a,  arid 
CA«3,  are  SBcnni  Id  ^Igurea  S6  through  41.  B  majr  be  noted  that  the  peaJc  values  of  velocity 
oRcnrred  betv^w  la  r  od  14  jDllllse<^onds .  Most  of  the  velocity  traces  exhibit  a  minor  peak 
prior  to  tlie  oeourrence  of  naaxltmim  value.  Peak  values  of  dleplaceroetd,  velocity,  suid 
aeetdwatloB  are  given  in  Table  Vin.  Velocities  obtained  from  integration  of  the  accelerometer 
tmew  are  eoastdorably  iniow  the  vtiocity  oiAalned  from  the  Stanford  Hasearch  Instttute 
gages.  ApparsaUyt  there  was  some  baseline  shift  in  the  accelerometer  traces  as  often  happens 
to  eiwh  measwreinepts. 

The  aeseetMation  traces  exhibited  high  frequency  perturtmtlons  which  had  to  be 
ataehaaleallf  flltarad  out  before  the  data  became  meaningful.  These  perturbations  were  poorly 
defined  in  first  S  millisseands  of  response.  To  achieve  sultabte  dltcrii^,  a  curve  was 
piottsd  through  ps^nts  midsuty  between  the  peaks  af  the  perturbatioRs.  Figures  43  and  43  are 
the  resultant  curvea.  Peak  values  of  accatsratlon  in  Table  VIH  were  obtained  from  the  filtered 
ewnre.  Peak  valnee  of  velocity  and  d^cetion,  i9  contrast,  are  the  actual  maximum  values 
from  tiw  oseillogram  traces. 

Free>Fldd  Motion 

Msasursmots  from  velocity  gagas  V3>4  and  V3-3,  in  the  free  field  advent  to  the 
structure,  show  that  the  peak  abaolute  displacementa  at  6  inches  and  2l  inches  from  the  surface 
wwe  l.W  iachas  and  O.M  inch,  respectively.  .Muolute  displacement  of  the  floor  of  the 
structure  was  0. 60  inch,  almost  the  same  as  the  displacement  of  the  free  field  at  the  same 
ovation. 

Peak  veioctttes  at  the  6>inch  and  3l-inch  depths  were  44  and  24  inches  per  sscond, 
respectively. 
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Figure  36.  Velocity  of  the  blastward  footing,  arch  CA- 1. 
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Flgurs  37.  Velocity  of  the  leeward  Cootint,  arch  CA*1. 
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V.locity  C,r>./mc)  Velocity 


Figure  3d.  Velocity  of  the  leeward  footing,  arch  CA'2. 


Figure  40. 


Velocity  of  the  blaatward  footing,  arch  CA-3. 
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Figure  41.  Velocity  of  the  leeward  footing,  arch  CA-3. 


Tim*  (mMc) 


Figure  42.  Acceleration  of  the  bteetward  footing,  arch  CA.2. 


Tim*  (  mwc ) 


Figure  43.  Acceleration  of  the  le«w«rd  footing,  archCA-3. 


Tie  Rod  and  Floor  Behavior 

During  the  first  12  miUlseconds,  the  tie  rod.  Figure  7,  wsm  In  tension.  Thereafter,  it 
deyeloped  a  very  large  compression  which  reached  a  maximum  value  of  about  4, 000  pounds  at 
23  milliseconds.  The  average  horlxmntal  thrust  on  the  focAings  reached  a  maximum  of 
380  pounds  per  inch  of  length.  The  horizcmtal  force  was  larger  than  expected  which  emphasizM 
the  need  for  a  bracing  system  to  provide  lateral  support  and  prevsnt  rotation  of  the  footings. 
Failure  tc  include  such  a  support  Is  believed  to  be  primarily  reeponslble  for  the  footing  failures 
of  the  Project  3.6  arches  In  Operation  Hardtack.  ^  The  hoiisont^  thrust  also  may  have  be<m 
partly  responsible  fi  r  the  floor  Csllure  In  the  Operation  Plumbbob  3. 3  arches.  1  In  the  latter 
Instance,  the  footing  was  probably  pushed  against  the  slab  and,  as  a  consequence,  the  edge  of 
the  floor  was  forced  downward  arttb  the  footing  causing  a  break  in  the  Qoor  approoilinately 
2  feet  in  from  the  spring  line. 

klovcc  ent  of  the  Ooor  was  determined  from  double  Integration  of  an  acceleration  trace. 

A  maximum  absolute  deflection  of  0.03  Inch  occurred  at  40  milliseconds.  This  data  Indtcatee 
that  the  deflection  of  the  floor  was  small  compared  to  the  transiatlonal  deflection  of  the 
structure. 

Soli  Arching 

The  term  "arching"  Is  used  here  to  mean  the  total  shear  on  a  vertical  plane  through  the 
footUafs.  This  force,  as  a  percentage  of  the  surface  load,  Is  plotted  versus  time  In  Figure  44. 
B  was  determined  from  a  vertical  equilibrium  of  the  forces  on  the  free  body,  shown  In  the 
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dUigrajm  cst  Figure  44,  by  uuiing  the  me'iaured  thrust  as  th«  footing  reaction  and  an  inertial 
force,  hguaed  upon  the  tnaaa  at  the  structure  and  the  soil  over  the  structure,  times  the 
ai;celeratk>fl  of  the 

The  stape  the  arching  curve  td  Figure  44  is  somewbat  dlSerent  from  that  dri^rtujstid 
from  tests  in  blast  sLmulator.  3  The  results  shown  to  Figure  44  indicate  that  at  early  times 
most  of  the  Ic^J  Ui  transmitted  through  the  soli  around  the  arch. 

Recapttulatttm 

The  sequence  of  events  innuenclng  the  behavior  of  arch  CA-2  was: 

} .  The  eur&ce  overpressure  reached  a  psak  value  in  about  1  miUisecoad  and  gradually 
decayed  to  aero  in  114  mllilsecondB. 

2.  The  otaxiimini  thrust  was  reached  In  about  10  mlllisee^te  aesf  the  taomeat 

was  reached  in  about  IIS  mUltseconds. 

3.  The  peak  deflection  of  the  crown  was  reached  In  aboift  36  mlUlseccnds. 

4.  Maxtmuin  deflection  of  the  footings  was  reached  in  an  average  time  of 
46. 3  miUlsec(»ids. 

Body  motion  was  by  Car  the  most  signiflcaot  mode  of  response,  although  flrat  symmetrical 
mode  rMpmise  was  also  sizable.  Some  antlsymmetrlcal  mode  behavior  was  evident,  but  It  was 
smaller  than  ocpected. 

Computer  Analysis 

Computw  PrtMrain.  A  Fortran  congniter  program  was  written  using  the  theory  given  in 
Appeni&c  A.  fhe  objective  of  the  program  uas  to  obtain  data  for  comparison  with  the 
eKpeiimental  results.  The  program  was  designed  to  receive  the  dominant  parameters 
corresponding  to  any  equlvalent-triaigfular  load,  any  semictrcular  arch  oriented  “eid»-on”  to 
the  load,  and  any  soil.  With  this  iignit,  footing  ditftectioae,  vidoclties,  and  accelerations  can 
be  computed,  accounting  for  rotational  and  transiatiooal  bc^  motiona. 

Computer  Input.  Input  to  the  computer  program  is  shown  In  Table  IX.  llte  three  types 
of  data  used  as  input  represent  dlmensiotu  of  the  structure,  characteristics  of  the  load,  and 
properties  of  the  soil. 

Dimensions  of  the  model  were  sstabllsSiead  In  thn  design  of  the  eaperlment.  Footing 
rhmetislons,  depth  of  burial,  and  arch  radius  were  on»-(:eath  scale  of  a  liavy  standard  personnel 
shelter.  The  stlifness  and  the  mass  of  the  arch  were  greater  than  thr  scaled  quantities  to 
Insure  against  follure  of  the  shell,  idass  was  obtained  by  weighing  the  models,  including  the 
arch,  footings,  footing  braces,  and  transducers.  Rnd  wall  and  floor  masses  were  not  included 
since  these  are  separate  assemblies  not  directly  attached  to  the  arch. 

Peak  ove.'pi'evvure  was  measured  at  the  surface  of  the  ground  at  each  model  loeatloc 
using  BRL  self-recording  pressure  gages.  Effective  duratfon  was  obtained  by  esleulating  the 
Impulse  (area  under  too  overprsseure-rime  curve)  from  zero  time  to  the  time  of  maximum 
deflection,  and  from  this,  constructing  an  equivalent  trianguiar  loading. 

Velocity  of  the  blast  front  was  estimated  using  the  formula 


U  ■  C 


where  ^  1, 11?  fps  is  tak«i  aa  the  ambient  sound  retortty  ahead  of  the  blast,  and  is  the 
peak  side- on  overpressure.  It  Is  recognized  that  Cq  varies  srlth  stmoe.pher1c  coodlttons 
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structure  EHmeasions 


tfi  Coa^uter  Input 


lapta _ ^ 


Type 

Data 

SSymbol 

DefSattioft 

Measured 

Values 

Predicted 

Values 

Units 

Arch 

Depth  of  cover  at  crown 

8.00 

8.00 

in. 

AU 

s 

r 

Radius  of  the  arch 

15.0 

15.D 

in. 

All 

3 

s 

b 

Width  of  the 

■ 

la  24 

1.25 

in. 

All 

I 

s 

H 

Height  of  the  footings 

1.88 

1,875 

in. 

All 

W 

3 

1 

m 

Maes  of  the  arch  anti 
footings 

0,145 

0.46 

slug/fl 

CA-l 

g 

Mass  of  ihe  arch  and 
footings 

0,780 

0.46 

slug/ft 

CA-2 

m 

Maas  of  the  arch  and 
footings 

0.737 

0.46 

.. 

8iug/ft 

CA.3 

Po 

Effective  peak  overpceesure 

83 

85 

pel 

CA-l 

Pc 

Effective  pexJs  overpressure 

80 

60 

pat 

CA-2 

<0 

Po 

Effective  peak  overpressure 

45 

45 

pal 

CA-3 

u 

Effective  duration 

30 

82 

msec 

CA-l 

id 

Effective  duration 

39 

97 

msec 

CA-  2 

g 

3 

Eff^^ltve  cJuratlon 

45 

118 

msec 

CA-3 

^1' 

t3 

; 

T’- 

' 

VeUfCit  '  oi  blast  front 

2, 100 

2,  700 

(ps 

CA-  1 

1  .'3 

u 

Veiofjty  of  tiSast  front 

2.  400 

2,  400 

rp6 

CA-2 

1 

i 

u 

Velocity  of  blast  front 

O 

o 

2.  200 

tps 

Ca-3 

i 

.  _ _ 

Density  ai  backfill  soil 

HI 

no 

pel 

All 

I 

i  g 

K. 

' 

Cocfficleut  of  subgrade 
resetio!! 

110 

and 

210 

300 

psL'in. 

All 

i  5, 

1  a 

\  <5r 

» 

Ajsgle  of  internal  friction 

34.5 

35 

degrees 

All 

i  c 

i 

1  Cortes  ion 

j 

0 

0 

none 

All 

1 

\ 

\ 

i 

1 

I 

j  OoeKlctertt  of  lateral 

1  aarth  pressure 

j 

0.32 

0.32 

All 

\ 

\ 

j  Velocity  of  shock  front 

1,  000 

I,3C» 

IlKSEIIllllllllll 

Ail 
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D«Raity  of  soil  wm  at  Ui«  last  sU«,  usiag  a  segmented  box  and  the  sand 

dbro|>  metliod  deeeribed  in  A^iendix  B.  »  most  dense  eeg tneni  wee  1 !  1 .  S  pel  and  the  l&ist 
dense  segmeot  was  i09. 7  pcf  The  aveiage  density  of  six  aegmmtB  was  119. 8  pcf. 

Tbs  coefBeitsd  of  subgrade  reaction  in  Table  DC  is  the  ratio  of  the  average  pressure  on 
the  bt^dsp  at  the  foothig  to  the  vertical  displacement  of  the  footiag.  The  moduius  as  a  function 
of  time  wnM  obtained  wtth  a  plot  of  thrust,  from  strain  measurements  at  the  7-  and  173-degree 
posttiatui  OR  the  arch,  versus  vertical  dei3ectl<»i  of  the  footlnf^  obtained  from  irvtegration  of 
the  vhioettf  meaeuretnents.  A  plot  showing  the  variation  of  the  coefficient  with  time  is  g^en 
in  Figure  45.  B:  may  be  noted  l^om  this  figure  that  there  is  no  great  variation  in  the  modulus 
during  the  period  from  10  to  hO  miUlsecomta  when  most  of  the  deflection  of  the  fooUngs  occurs. 
This  would  lead  one  to  believe  that  uee  of  a  constant  value  for  the  modulus  in  the  theory  is 
jutitllicd.  In  selecting  a  reasonable  coefficient  of  subgrade  reaction,  the  mean  v.'ttue  occurring 
during  the  period  from  10  to  35  mL  tiseconds,  when  most  of  the  deflection  takes  place,  might 
be  used.  The  coefflctent  is  obtainable  from  the  load- deflection  curve  of  the  footing,  Figure  46. 
Subgrade  reaction  preesure  Is  found  by  dividing  the  thrust  at  the  spring  line  per  unit  of  iMigth 
by  the  area  of  the  footing  per  unit  of  length.  Both  abeolute  and  relative  deflections  are  plotted 
as  determined  from  the  velocity  gage  measurements .  R  is  interesting  to  note  the  difference  of 
the  ch^acter  of  this  curve  as  compared  with  typical  load- deflection  curves  from  plate  bearing 
tests.*’  Initially,  the  foundation  Is  very  stiff;  then,  at  abcut  350  pel/ln.,  it  appears  that 
punching  commences  and  the  reaction  pressure  drops  off  rapidly.  The  subgrade  reaction. 

Figure  46,  increases  again  at  the  same  time  the  acceleration,  Figure  43,  goes  negative  and 
rfoes  until  punching  corresponding  to  the  lower  surface  surcluurge  pressure  (at  20  milliseconds) 
develops. 

Both  the  absolute  and  relative  deflections  are  plotted  In  Figure  46  versus  the  subgrade 
reaction  to  show  bow  much  stiffer  the  coefficient  based  on  the  relative  deflection  Is  than  the 
corresponding  value  based  on  the  absolute  deflection.  Secant  moduli  (coefficients),  based  on  the 
absolute  deflection  curves  and  accounting  tor  the  inertia  of  the  soil  moving  with  the  footing, 
are  plotted  in  Figure  45.  The  inertial  component,  based  on  a  soil  mass  with  a  diameter  four 
times  the  footing  width,  Is  small.  From  Figure  45,  the  mean  value  of  the  coefficient  of 
subgrade  reaction,  during  the  period  from  10  to  35  milliseconds  when  most  of  the  deflection 
takes  place,  is  abmt  210  psi/ln.  This  is  the  value  used  in  the  computer  program.  (Computed 
results  are  also  generated  for  a  modulus  of  110  psl/in. 

The  angle  of  internal  friction  oi  the  soil  was  determined  as  described  in  Appendix  B. 
Cohesion  was  taken  as  zero,  because  of  the  dry  condition  of  the  sand.  The  estimated  coefficient 
of  lateral  earth  preesure  was  based  on  trlaxlal  tests  of  a  similar  material.  Stress  wave 
velocity  in  the  soil  was  determined  by  using  the  time  of  arrival  at  the  free  field  velocity  gages 
and  thr  known  distance  between  the.m. 

Computer  Output.  The  computer  output,  composed  of  footing  deflections,  velocities,  and 
accelerations,  is  plotted  with  measured  data  l.i  Figures  30  through  43.  Corves  labeled 
"theoretlcat"  were  obtained  from  the  computer,  using  measured  input,  curves  labeled  "predicted" 
were  obtained  before  the  teet  from  the  computer,  using  estimated  Input  data.  A  set  of  curves 
showing  the  interrelation  of  the  dominant  parameters  is  given  in  Figure  4’ 

Theoretical  versus  Operlniental  Results 

Using  the  constants  determined  as  previously  indicated,  the  computer  program  was  run 
to  obtain  theoretical  data  for  connparlson  with  tne  experimental  resuJte.  Theoretical  and 
experimental  data  are  given  in  Table  VTII  and  In  Figures  30  through  43.  For  a  coefficient  of 
subgrade  resu:tlon  of  210  psl/in.,  the  experimental  values  are  larger  than  those  determined  by 
the  theory.  Use  of  a  coefficient  of  subgrade  reaction  of  HO  psl/ln.  gives  computed  data  that 
agrees  well  with  the  experimental  results.  The  iatter  d&ta  is  also  Included  in  Table  VIll  and  In 
Figures  30  through  43. 

The  value  of  1  lO  pst/in.  Is  the  coefficient  from  Figure  45  at  a  time  equal  to  67  percent 
ol  the  time  to  mapeimuin  aispi?.cernent.  B  is  the  lowest  value  that  could  possibly  be  justified. 
Fxesp.  for  the  first  few  mllltjeconds,  the  coefficient  of  subgrade  rsactlon  Is  considerably  lees 
than  the  initial  tangent  niodulus  of  300  psl/'iii.  determined  from  the  static  plate  bearing  tests. 
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Figure  45.  Dynamic  coafncleni  of  lubgrmde  reaction. 
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Figure  49.  Subgrade  reaction  versus  deflection. 


Agreement  between  response  and  the  theory  was  best  for  arch  CA-3,  the  arch  furthest 
from  ground  zero,  and  was  progressively  worse  for  the  closer  arches.  Arch  CA- 1,  the 
closest  of  the  large  arches,  r  stated  considerably,  although  this  rotation  was  not  predicted  by 
the  theory. 

From  the  3- Inch  plate  bearing  tests  described  In  Appendix  B,  the  coefficient  of  subgrade 
reaction  was  found  to  be  300  psi/ln.  The  corresponding  coefficient  for  the  1 . 24- Inch -wide 
footing  would  be  expected  to  greater  than  300  psi/ln.  because  of  the  narrower  width  and  the 
fact  that  rhe  arch  footing  Is  subjected  to  a  surcharge  pressure.  As  prevlaisly  stated,  however, 
the  effective  coefficient  of  suugrade  reaction  from  Figure  45  is  only  210  psi/ln.  The  reason 
is  that  the  latter  value  is  based  upon  absolute  rather  than  relative  displacements. 

To  explain  further,  consider  a  semi- Infinite  soil  field  alone.  Application  of  a  surface 
overpressure  will  cause  df'crmatlon  much  the  same  as  described  in  Reference  9.  This  action 
may  be  thought  of  as  a  load  on  a  gla  it  spring,  although  probably  a  nonlinear  one.  Relative 
burle.-:^  arch  footl!^  deflections,  in  eflect.  arc  superimposed  on  the  motion  of  the  free  field. 
Thus,  the  effective  coefficient  for  defining  absolute  bo^  motion  should  be  the  equivalent 
coefficient  of  a  series  spring  system.  As  Is  well  known,  the  equivalent  spring  constant  of  two 
springs  In  series  is  the  product  of  the  spring  constants  divided  by  their  sum.  The  resulting 
equivalent  spring  constant  Is  less  than  either  component  which  accounts  for  the  low  effective 
coefficient  of  aubgrade  reaction  obtained  from  Figure  45.  It  is  important  In  designing  a  footing 
for  a  burled  structure  that  a  coefficient  of  subgrade  reaction  (or  the  equivalent  load- deflection 
i  elation)  based  upon  absolute  deflections  is  used.  Instead  of  one  based  on  relative  deflections 
if  absolute  deflections  are  of  dominant  concern. 
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Flgui-e  47.  Dominant  parajoetera  In  Uae  theory. 


Examliuition  of  the  theory  in  the  context  of  the  experimental  reeulte  and  other  recently 
^ined  knowledge  indlcatee  that  the  theory  as  formulated  could  be  improved  in  two  respects : 

(1)  the  coefficient  of  subgrade  reaction  should  not  be  taken  as  a  constant;  the  true  load-defiectlo) 
ralMlon  should  be  used,  and  (2)  the  arching  term  should  be  a  function  ..f  deflectian. 

The  <l^mamtic  or  static  load-defiection  relation  of  a  bearing  plate  or  footing  on  noncoheslve 
soils  can  be  raprmmLad  analytically  by  ai4  a^naE^ial  equaUon  of  the  form 


P  -  Cy*  (3) 

wher e  p  ^  unit  load  on  the  or  footing 
y  3  deflection  of  plate 
C  »  constant 
a  s  exponnnt,  a  constant 

For  soils  with  cohesion,  the  corresponding  relation  would  be  of  the  form 


(4) 


where  y„  =  maximum  plate  deOectlon 
m 

s  constant 

A  recent  theoretical  study  of  the  classical  trapdoor  problem  has  shown  that  arching  is  a 
function  of  deflection. 4  fly  treating  the  soil  as  an  elastic  material,  it  was  found  that  the 
percentage  of  the  surface  load  carried  by  arching  might  be  expressed  as  a  function  of 
b/h,  and  x  =  ph,j'yE,  where  2b  is  the  width  of  the  trapdoor,  h  is  the  depth  of  soil  cover  over  the 
door,  p  is  the  uniform  surface  pressure,  d  is  the  deflection  of  the  trapxioor,  and  E  Is  the 
modulus  of  the  soil.  Resuite  from  the  theory  show  that  Poisson’s  ratio  has  a  negligible  effect 
on  the  arching. 

Although  the  theory  was  developed  for  the  trapdoor.  It  is  applicable  to  the  buried  arch 
since  the  arch  may  be  treated  as  a  curved  trapdoor  tnsofsu'  as  arching  la  concerned.  Empirical 
fits  of  the  plots  from  the  cited  arching  theory4  may  be  written  In  the  form 
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arching  shear 
arch  radius 

constants  depending  on  b/h 


The  other  terms  in  Equation  ^  are  as  previously  defined. 
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bicorporating  neariy  exact  relations  lor  the  load*  dell  action  charact«rlstk;  of  Uie  soil  and 
lor  arching  should  bring  the  theory  in  coi^ormance  with  experimental  behavior.  Whetiier  or  not 
It  would  be  worthudiUe  adding  these  terms,  with  the  attendaitf  complication,  la  argumentive  in 
view  of  the  wide  variation  in  soil  properties  eapected  at  a  given  installation  in  the  fMd.  For 
the  present,  at  least,  ii  should  be  sufficient  to  use  the  theory  as  curreiAly  d^lJied  with  an 
squivalei^  (seciuit)  coettic!«st  of  sulin^dle  ratetlon  to  aceouja  fisr  the  reiailvMy  re^iced 
resistance  of  the  soil,  cmce  piuushing  has  been  initiated.  Even  with  a  more  exact  fiieory, 
prediction  of  deflections  within  very  close  tolerances  sUU  could  not  be  expected,  because  of 
the  nature  of  soil  as  a  structural  material. 

Consequettces  of  Observations 

Os  completion  of  an  experimental  program  such  as  Project  3.4,  it  should  be  determined 
what  Information  can  be  «q>ected  from  the  test  results  that  will  aid  in  the  design  and  construc¬ 
tion  of  full-size  burled  structures.  Moat  importantly,  the  experiment  shows  that  with  the 
proper  ii^ut  parantetera,  body  motions  can  be  estimated  with  reastmable  accuracy.  Beytmd 
this,  the  experimental  results  and  aecon^panying  theories  provide  basic  Iriormatlon  nee^kkl  for 
a  theory  to  define  the  optltmim  footing  width.  Information  also  is  provUfod  which  denKmatrates 
the  nature  of  the  moments  and  thrusts  inchiced  by  traveling- blast  loading  utd,  c<»uie<|usntly, 
information  on  the  nature  of  the  loada  carried  by  the  soil  in  arching. 

The  tests  provide  a  basis  of  judgment  regarding  wh^  relative  deflection  may  occur 
between  the  footing  and  the  floor  slab  and  between  the  footlnga  and  the  free  field.  An 
important  aspect  of  behavior  is  that  the  floor  merlons  may  be  a  fraction  of  the  bOMly  motkm  of 
the  structure  Itself  and  that  the  floor  displacement  will  be  about  equal  to  the  dlaplaceraeid  of 
the  free  field.  Further,  ubeervation  of  the  acceleration  traces  gives  the  designer  some 
understanding  of  the  nature  of  the  shock  input  to  a  shelter,  although  it  la  emphaalzed  that  shock 
input  is  not  readily  scaled. 

Crushb^  of  the  smaller  arches  and  dentli^  of  the  larger  arches  by  the  ejecta  point  up  the 
possible  need  for  a  missile  shield  over  personnid  shelters.  If  a  shelter  is  in  the  vicinity  of 
above-ground  equipment  or  buildings  that  might  be  destroyed  by  a  reiailvMy  low  overpressure 
attack,  it  Is  possible  that  the  debris  created  might  impact  above  and  penetrate  the  shelter. 
Wherever  such  a  possibility  exists,  conslderat‘xi  should  be  given  to  the  possibUtty  of  providing 
shielding  from  such  missiles. 

The  physical  evidence  provided  by  the  tie  rod  measurements  furnishes  positive  proof  of 
the  large  lateral  forces  Imposed  upon  the  footing  of  a  burled  arch  shelter.  The  designer 
should  recognize  the  existence  of  such  forces  and  provide  suitable  struts  to  prevmt  large 
lateral  deformations  or  rotation  the  footings. 

Perhaps  most  important  of  all,  this  study  demonstratss  that  the  body  motion  results 
from  the  compression  of  the  soil  field  and  from  the  relative  deflection  of  the  footings  with 
respect  to  the  soil  field.  Thus,  an  appropriate  coefficient  of  subgrade  reacUon  should  be  used, 
depending  on  whether  the  absolute  or  relive  deflections  are  being  determined. 

Deficiencies  of  Work 

Close  controls  were  maintained  over  the  material  properties  and  the  instrurosnfatloa  and, 
In  general,  t'  e  experiment  was  cortsldored  most  successful.  Tbe  small  unlnstrumentsd 
structures  were  lost  due  to  crushing  !)y  soil  bombs  from  the  ejects.  In  addition  to  this 
unpredicted  occurrence,  the  only  serious  data  loss  was  due  to  follure  of  the  velocity  gage  on 
the  Instrument  bunker.  Malfunction  of  this  gage  prevented  stablishment  of  a  poetahot  bench 
mark  within  close  proximity  of  the  structuree  from  which  survey  data  could  be  obtained.  The 
hrsi  order  survey  data  brought  in  from  beyond  the  range  of  Influence  of  the  blast  proved  to  be 
tK>  Inaccurate  to  be  of  use. 

In  addition  to  the  forementioned  dlfflcultlee,  the  vertical  rod  from  the  crown  of  the 
stmeture  to  the  soil  surface,  used  for  defining  a  presbot  and  postshot  eJevatton  tha  crown 
of  arch  CA-2,  caused  difficulties  In  Interpreting  the  moments  near  the  crown.  B  was  apparent 
from  the  strain  gage  reading  that  the  soli  abov''  the  crown  of  the  atructure  experienced 
considerable  motion  with  respec^  to  the  crown  ul  the  structure,  inducing  OEtransous  nunents. 

It  Is  sqiparent  that  no  such  appendages  should  be  fastened  to  the  shell  of  an  arch  structura.  The 
chfflcuitles  mentioned  are  considered  the  only  deficiencies  of  the  experlmant:  howevwr.  It  would 
have  been  most  des.  cable  to  have  obtained  soil- structure  tiderface  pressure  nieasarwaBwtits. 
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FINDIKGS  AND  CONCLUSIONS 


Prom  analysis  of  the  data  of  the  four  large  arches  and  from  comparing  the  results  with 
the  theory,  tt  was  found  that: 

I.  The  measurable  natural  periods  of  the  uncovered  arch  agreed  reascaiably  well  with 
the  theoretical  valu<». 

%.  Momenta  and  thrusts  Induced  by  backfilling  were  negligibly  small;  however,  the 
crown  deflection  was  signlflcant. 

3.  The  natural  period  of  the  covered  arch  was  mitch  less  than  the  correspondli^  natural 
period  of  the  uncovered  structure. 

4.  The  peak  overpressures  were  almost  exactly  those  predlcted- 

5.  Actual  positive-phase  durations  were  approximately  40  percent  longer  than  predictions 

8.  Body  motions  were  larger  than  predicted. 

7.  The  relative  displacement  between  the  free  field  and  the  footings  in  the  quasi-static 
state  was  about  57  perct*  d  of  the  absolute  footing  displacement. 

8.  Asymmetric  response  of  the  shell  was  evident;  moments  on  the  leeward  side  were 
about  30  percent  greater  tlan  those  at  corresponding  positions  on  the  blastward  side. 

9.  Thrust  variation  around  the  arch  was  fairly  unilorm;  In  general,  the  thrust  was 
less  at  the  crown  than  in  the  vicinity  of  the  spring  line. 

10.  The  thrust  data  Indicates  that  interface  shears  were  developed. 

II.  The  velocity  gages  used  to  measure  footing  deflection  proved  to  be  excellent 
motion- sensing  devices.  Peak  absolute  footing  displacemeni  for  arch  CA-2  was  1.6  Inches. 

12.  The  peak  Qctor  deflection  was  about  40  percent  of  the  footing  displacement.  Peak 
floor  deflection  occurred  at  aixjut  the  same  time  as  the  maximum  footing  deflection. 

13.  Fore  ■ !  in  the  footing  tie  bar  were  large;  an  initial  tension  phase  was  followed  by  a 
much  larger  compression  phase. 

14.  Body  motions  from  the  unmodified  theory  did  nm  (  irrelate  we:  I  with  the  measured 

data. 


Comparisons  of  the  results  of  the  Project  3.4  tests  with  the  theory  revealed  areas  in 
which  the  development  can  be  improved.  The  theory,  a.s  set  down  in  .Appendix  A,  can  be 
expected  to  predict  deflections  correctly  only  if  a  suit.iblc  modulus  is  employed.  It  is  evident 
that  a  correct  representation  of  the  soil-arch  system  can  be  a<-hieved  oilv  by  expressing  the 
arching  shear  as  a  function  of  deflection. 

The  experiment  was  successful  in  permitting  achievement  of  primary  and  secondary 
objectives.  Tertiary  objectives  of  gaining  information  on  the  effect  of  depth  ul  cover  and 
footing  width  were  not  achieved  because  of  failure  of  most  of  ti.e  eight  small  arches  under 
impact  froni  the  Urge  clods  of  hard  clay  in  the  ejecta. 
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rNTHOf?liCTrON 

This  apfi^s^  presents  an  approxlnjate  method  for  deterinming  the  deOections  of  the 
footing*  of  a  buried  areh  subjected  io  blast  ioa^ng.  l"he  method  presented  la  Sji  a  form 
suiUble  for  uae  bf  the  designer. 

The  fouadatioR  of  a  burled  structure  must  be  designed  so  that  it  has  sufficient  load 
capacity  and  also  so  that  the  d  jCecttons  will  not  exceed  some  prescribed  maximum  value. 
Usually,  It  Ifl  specified  titat  the  maximum  footing  deflection  shall  be  less  than  2  inches. 
Limiting  the  deflections  prevents  ruptiirlng  the  water  seals  and  breaking  fuel  and  other  lines 
«tterlng  the  shelter.  Extreme  deflections  of  the  structure  with  respect  to  the  floor  could 
cause  severe  damage  to  partitions  and  Internal  fixture®  arid  equipment.  Multiple  loadings, 
also,  could  cause  undesirably  large  accumulative  deflections.  These  factors  justify  the  logic 
of  limiting  maximum  deflections  from  a  single  loading  to  less  than  2  Inches. 

The  problem  Is  how  io  design  the  footings  to  assure  against  excessive  deflections.  A 
promiaif^  method  has  been  proposed,  but  It  presupposes  that  the  load  on  the  footing  is 
ktiown.  Eletermination  of  the  load  ts  one  of  the  more  difficult  aspects  of  the  problem,  A 
method  also  has  been  proposed  which,  in  effect,  permits  determination  of  the  load  on  a  burled 
structure,  but  U  doee  not  account  for  the  traveling  characteristics  of  the  blast.  Refinements 
to  the  latter  method  have  been  proposed  which  are  intended  to  more  accurately  account  for  the 
stress- strain  cliaracterlstics  of  the  soli.  12  xhe  development  presented  here  attempts  to 
provide  a  mean*;  for  determining  the  loading  under  traveling- wave  conditions.  With  the  loading 
known,  oredtettnn  of  defleoiion  becomes  more  realistic. 

The  following  treatment  is  limited  to  a  hallow -bur  led  arches,  however,  with  minor 
modlficatlnns,  the  method  may  be  readily  adaided  to  other  geometrical  forms.  These  shelters 
are  presumed  to  be  In  overpressure  regions  of  the  order  of  100  psi,  although  refinements  are 
suggested  fur  adapting  the  method  to  higher  overpressure  regions. 


FUNDAMENTAL  CONSIDERATIONS 

The  system  under  study  Is  shown  schematically  In  Figure  A-  la.  As  an  air  shock  travels 
across  the  surface,  stress  waves  are  Induced  in  the  sell  field.  For  purposes  of  this  report, 
all  induced  waves  except  the  dilatatlonal  wave  are  assumed  random  and  negligible.  This 
Includes  the  shear  wave  which  lags  the  compression  wave  by  a  very  few  milliseconds  at  shallow 
depth*.  The  air- Induced  dilatatlonal  wavs  front  is  taken  as  a  plane  perpendicular  to  the 
direction  of  travel  of  the  stress  wave  and  incHned  at  an  angle,  with  the  horizontal.  As 
the  wave  travels  downward  through  the  soil,  dispersion  takes  place  and  the  rise  time  of  the 
front  increases.  For  this  reason.  It  Is  referred  to  as  a  stress  wave  and  not  as  a  shock  wave. 

As  the  wave  front  envelops  the  structure.  It  would  be  expected  that,  if  the  overpressure 
is  large  enough,  shear  planes  would  form  as  Indicated  In  Figure  A-ib.  This  presumes  that  the 
compliance  of  the  arch- foundation  system  is  less  than  that  of  the  surrounding  soli.  The 
breadth  of  the  mass  between  the  failure  planee  would  Increase  witi  time,  as  shown  In 
Figure  A-lc,  until  the  structure  was  completely  enveloped.  Thereafter,  ‘a  rapid  transition 
would  ensue  and  the  failure  planee  for  the  remainder  of  the  loading  wijuid  shift  to  a  nearly 
vertical  position  as  indicated  In  Figure  A- Id. 
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Equatinnii  «svir/»fisinK  ihf  v ar br «idth  nwHs  fiji  hwluf-ion  in  Jh*  oquaiSofv^  ,>f  n.i.ih,!, 

b^OTT'if'  u.n'^.iiy  irvr'jvi-'tj  3c " '■'untt’'u;  !t  th?  variatiori  i-  f  f  .,  r 

5s.ith  d0}?lh,  SB  has  been  dorse  in  other  studies,*  -  v-on-iplU aies  formuiai  fiiii  <j\  the  psiobiem.  Thr 
iatt»r  r®finerv8®i£  is  s  -^warranted  for  strallow-burted  atruntures  since  the  siormaJ  presHure  dvse 
to  depth  of  cover  is  smaU  compared  lo  the  nornuii  pressure  Induced  by  the  surface  overpr  essure. 
To  eilmlnftte  these  and  other  ooFnpfejtittes  and  reduce  the  system  to  a  reasonable  yet  readily 
tractable  mode],  a  nutnbe-  of  simplifying  assumpllons  were  introduced. 

The  assuffipiiotva  were  as  foiiuwa. 

1.  The  applied  blast  load  can  be  represented  by  an  equivalent  triarigular  load. 


lae  effect  ji  the  eiress  wave  traversiia;  the  structure  is  'uauivaient  to  ar.  imtniisc 
which  Imparts  an  injtla!  translational  and  angular  vr-lncity  rn  the  Mteioture, 


TKe  Htruett-Lre  nndrrgfie-S  purelv  rit^ta  ty>dv  ilioticne  Ir 

denectlon  of  the  footings  Is  concerned. 


l^£3.r  ilB  pr?Yiitil7^y 


4.  The  rn3.S8  of  soil  between  the  fciUure  pla.nes  can  be  treated  as  a  rigid  body  of 
constant  oreadth. 


5.  The  soil  constitutes  an  elastic  homogeneous  half-space.  This  only  ImplieE  that  the 
soil  is  elastic  In  compression;  it  is  not  considered  to  have  any  recovery  ability. 


Justification  tor  all  of  the  assumptions  ctxcept  the  last  one  is  fairly  obvious,  but  numoer  5 
warrants  further  cnneia.iraHnn.  It  la  accepted  procedure  that  the  foundation  soil  must  be 
densely  compacted  prior  to  castiiig  the  footir^s.  For  dense  granular  materials,  the  stress- 
strain  curve  is  such  that  in  most  cases  the  tangent  modulus  can  be  employed  in  calculations 
When  the  stress  is  less  than  bout  one-half  cf  the  ultimate  stress.  For  stresses  greater  than 
one- half  of  the  ultimate  sire.  assumption  5  resuUe  in  large  errors  unless  a  secant  modulus 
t£  employed  or  the  theory  is  modified  to  account  for  the  nonlinearity  of  the  stress-strain 
properties  of  the  soil.  Ehtperlence  with  laterally  loaded  plies  indicates  that  .such  refinement  Is 
not  us  rally  justuied  and  that  it  Is  satisfactory  to  employ  a  secant  modulus. 

In  addition  to  the  itemized  assumptions,  the  conventional  relations  of  static  analysis  are 
considered  applicable  to  the  soil.  Also,  the  usual  Interrelations  between  blast  parameters 
are  employed.  ^5 


ANALYTICAL  DfilVELOPMENT 
Procedure 

There  are  two  distinct  phases  of  behavior  of  a  shallow- buried  arch:  (1)  the  action  during 
the  time  in  which  the  stress  wave  is  enveloping  the  arch,  and  (2)  the  motion  thereafter. 
Developing  relations  tu  define  the  behavior  In  the  second  phase  is  relatively  straightforward 
because  the  loading  on  the  structure  is  symmetrical  and  directed  vertically  downward.  It  is 
apparent  that  if  the  Initial  translational  and  rotational  velor.tlcs.  due  to  the  behavior  In  the 
first  phase,  could  be  determined,  a  solution  could  be  achieved. 

During  the  first  phase,  the  load  Imparted  to  the  arch  may  be  considered  as  an  lmpul.se 
because  of  the  short  time  required  for  the  stress  wave  to  envelop  the  structure.  This  fa<  ?  Is 
utiltzod  In  determining  the  Initial  velocities  for  the  second  phasv  solution.  The  procedure  Is 
as  follows: 

1.  Needed  geometr'cai  >  are  written. 

2.  The  impulse  is  deteemmed. 

3.  Initial  velocltle-^  are  derivetl. 

4.  \n  appropriate  load  function  te  set  down. 

5.  A  relation  for  the  reelstance  is  developed. 

6.  The  equatloni  of  motion  are  formulated  and  solved. 
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( ;sViry;p^  r  jraj  f?  p)  :i!  li  -  n« 

Prom  PiiTJr#  A-2,  the  Ira!  if'laik-ns  ut  the  syRterr  may  Sk  determined,  in  ths^fss^ 

reialioDi  and  in  Fip,urs>  .4-2,  ci  li>  arsj^ie  which  the  strips  front  maJies  wiih  the  horSxontei 

ajid  a  is  the  arnile  that  the  failure  planes  Tj  and  D2  make  with  the  vertScai.  The  toiUure  planee 
form  an  artgle  of  45'  +  4>  '2  with  the  iajrlrujiSai ^ ®  where  ^  i»  the  angle  of  friction  of  the  soil. 
Linear  (ilmensloiis  on  She  surface  of  the  soil  are  deBigriaied  in*  x'«  with  subscripts;  D's  with 
iaUliscrlpie  define  diistarices  la  tiie  »uli  rnaes.  Tht-  radius  of  the  semicircuiar  arch  arid  the 
depth  of  cover  over  the  ertswn  are  deetmaied  iiy  r  and  icespectty*!". 

The  istBiC  geometrical  relatlorffihips  are: 


D  =  { r  ♦  <1  )  sec  rt  -  r  tan  a 

\  O' 

D,  ~  |r  r  d  !  CSC  S  -  r  sin  a 'sin  5 

1  i  oy 

D-  =  /r  +  d  I  sec  a 

2  \  0/ 

Dg  -  f  d^'j  CSC  p  -  r  cot  p 
--  r  *  r  sin  O  -  «) 

Dg  «  r  tan  ct 
Xj  »  Un  a 

=  2r  +  tan  a 

X  ■■■  r  (1  ♦  cope:) /cos  « 


X  »  r  (1  -  tan  p'Z  *  Uti  ai  ‘  d  (tan  ct  ♦  cot  p) 
p  ^ 

-  r  [1  +  COB  a  +  tan  a  ♦  ( 1  -  sin  a)  cot  P]  ♦  (tan  a  ♦  cot  ff) 

Nondlmenalonal  plots  for  finding  magnitudes  of  the  parametr  rn  Xg  and  Xy  In  terms  of  the 
angles  o  and  p  are  given  m  •^igurea  A-3,  A-4,  and  A-S.  These  ft.ures  materially  aid 
computation. 

B  has  been  tentatively  concluded  that  for  shallow  depths,  "the  shock  front  (stress  wate) 
in  soil  may  be  considered  as  a  plane  perpenulcular  to  the  direction  of  travel  of  the  shock  wave 
and  li.rlln^  at  an  angle,  p,  with  respect  to  the  horirontai  as  iflven  by  the  equation 


6! 


2 


i : 


u 


'  I  A  I ' 

\ 

{ 

i 


wh^re  C  ~  seismic  velocity  of  the  soil 
fs 

^  —  velocity  csf  the  ^hock  wsve  in  2.I?*  st  tl  e  polj’it  of  interes! .  '  * 

Plots  ol  shock  v*ioc  Ity  in  air  for  a  ^v»»n  ov^jjirBSguri?  aro  roa.iUy  avaliafaSo*^  as  Ifi 
Information  on  the  aelstnlc  veloc^tv  of  solls.^  ‘  The  velocity  of  the  stress  front  may  be  taken 
fi.  fhe  iiASsrr.tr  vsi.'K'itv  nt  tf.a  ani!  for  tr.f-  raoi'e  of  nv.  rpr Assure  of  infsrest. 


Aa  prgviously  impih'.'d.  c?  ts  calculable  from  the  rslation  a 


45 


(^/2, 


these  e.t  e  ail 


..if  i 


X  joA  V  I  n  1 


;  c  ~3  i~tf  ».*.  ' 


Detertriination  of  Inspulse 

Consider  the  inspulse  of  the  load  actijsg  on  the  mass  between  the  failure  plane*, 
Figure  A- 2,  as  the  soil  stress  wave  travels  the  dlstarice  D^,  The  pressure  it  any  point,  %, 
behind  the  shock  front  is 


p(x,  t)  »  (A- 2) 

4  -  t  -  ^  (A-3) 

where  U  ^  velottlty  of  the  air  shock 
t  «  time;  t  -  h  at  x  -  0 


Figure  A-2,  Geometry  of  system. 
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■a®:* 


The  Impulse  of  the  iona  per  unit  of  surlStce  area  at  any  point  x  behir.H  the  shwk 
frotrt  at  time  t  is 


«  r  5 

t.  •  '■Jo'tOt 


Haw®,  for  an  el_<u*titi  oi  u  e«.  of  unii  width  and  length  x,  the  cotal  itnpuise  Is 


‘  ■  '■oii't**"* 


since  an  equivalent  triangular  loading  of  duration  t .  has  been  assumed 

U 


tm  I 


Substituting  Eqt»tlon  A^e  in  Bquatlon  A>5  and  evai*jating  the  integral  gives 


*  “  Po  -  fu  -  * 


tx2  x3\ 


This  is  more  simply  expressed  by  letting 


•r  X 

*  ut. 


r  ^  JL 

‘d 


Then  the  Impulse  becoroee 


I  =  (btt  -  3t^-  3t*t  + 

6  \  X  X  X 


3rr2.  r 

X  X  } 


The  ImpulBe  trmnsmlttad  to  the  8oil*etnicture  system  as  the  soil-str^^ss  wave  travels  the 


distance  is 


41  3  T^x  .f.-\  -t/x 

1  '  \  a  r/  '  \'  a'  p/  *•  p  w 


di,  =  I(x„,  ty)  .  r  (x^,  tp)  If  X^  <  X^ 


(A-  10) 


Deaignattigrjj  as  or  r^,  when  x  ^  x^,  Xg,  and  Xy,  and  noticing  that  t/t^  * 

when  t  s  .^,  etc. ,  the  tratisoaiUed  Impulse  Uh  'S.  becomes 


41. 


P  Ut 
*^o _ d 


1^«K  -  ^0)  («  -  -  Sr^  .  Srjj  (^U) 


and  for 


££5l  igr  T 
6  r  y  a 


3r 


a 


!  <*■ 


la) 


Or,  more  sinqily 


41 


Pp^d 

fi 


(A- IS) 


where  1  •  t,  when  >  r 
1  p  ct 

1  -  I2  When 

and  Ij  and  1^  are,  respectively,  the  terme  in  binckets  in  Gi|untlone  11  nad  IS.  Charts  for  Ij 
and  i2  are  given  in  Figures  A-6  through  A- 13.* 

Formulation  of  Initial  Velocities 

Equations  for  the  initial  velocities  may  be  formulated  by  equating  the  iavulse  given  the 
eysteni  to  the  change  In  momentum.  Yhe  only  dUElciilty  in  acconqiltahing  this  Is  in  deeldlnf 
just  what  constitutes  the  system.  Ct  rtainly  the  structiu-e  and  the  soil  betwesD  ths  shear  planes 
above  the  arch  are  a  part  of  the  system  but  that  Is  not  all;  the  soli  In  tbs  nslffetorhood  of  the 
footings  which  acts  with  them  must  also  be  aceountsd  tor.  PreUndnary  stadl''s  soggsst  that  it 
is  sufficient  to  take  the  effective  mase  as  that  of  a  cyldider  with  a  section  dMunster  four  times 
the  footing  width. 

The  effective  area  of  soil  acting  with  the  structure  is  Indicated  In  Figiirs  A- 14  tofsther 
with  the  coordinates  employed  in  the  impulse-  momentum  equations.  These  sguaMons  for  the 
Initial  vAlo''ttlee  are 


Dijk^  =  41  cos  a  -  Ndi  (A- 14) 

+  SfflgJ  y^  “  fWt  cos  «  (A- IS) 


*Llnear  Interpolation  between  these  charts  may  result  In  significant  error. 


S7 


=■  rNtH  8ln(^  -  a  )  (A-1 

where  tn^  -  mass  oi  soli  between  the  taliure  planes 

ai^  -  eifeetive  aiass  ol  soiJ  actbig  with  a  luotbig  as  siiown  in  Figure  A-  i4 
N  =  r  militant  force  on  arch 

T  ~  mass  moment  of  inerti;i  at  arch  and  soil  actirig  with  the  arch  in  rotation 

IHfr  On  «rCT/j  N,  tS  wSgUn^"^  iij  wCt  at  th€^  pOint  Kt  which  th^  Bir^S 

wave  SLrst  contacts  the  extradoe.  Under  this  assumption,  the  extremes  of  the  region  and  line 
of  action  of  the  force  are  as  indicated  In  Figure  A- 15.  As  shown,  the  extremes  of  the  angle 
of  friction  of  soli  are  taken  as  25  and  45  degrees  and  the  extremes  of  the  angle  are  taken  as 
14  and  39  degrees.  These  ranges  are  applicable  for  the  overpressure  region  from  100  to 


y> 


Figure  A' 6.  Impulse  chart,  t 


0,016. 


0.070 


In  Equation  A- 14,  the  mass  of  soli  between  the  failure  planes  is 


(A- 17) 


where  =  weight  of  soil  per  unit  of  volume 

A  =  area  of  vertical  section  of  soil  mass  between  the  failure  planes 
This  area  may  be  expressed  as 


A  /  A  \  ( rr  -  a)  r 

A  =  -'a  (•■  ^  “o)  '  -i 


2  rDj 

T” 


or  more  conveniently 


I  d 


o  (1  ■*•  cos  a)  I 
r  cos  n 


(A- 18) 


A  =  r^A. 


A  beinff  the  term  In  braces, 
a 
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0.W5 


Figure  A- 1»,  Impulse  chart,  -  0.032. 
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0.045 


FUmrcA-lS.  Impulse  chart,  *=  0.048. 
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Tfefira  is  a  sli-r-pl#  f*SatloftshS|>  ■««»  2,  a,  and  f  fr-on?  whk-h  »•«  obtain 


i  -  oo#  a  ♦  r  «!n  (^!  -  «  )  (A-JS) 


Using  this  reiatlonsrtip,  solving  for  Ndt  from  Equation  A- 14,  and  substituting  It  In  Equations 
A-l5  and  A- 2  6  yields  the  of  equations 


|ir>  +  ^  jai^rtyeoi  aiixip  “  *  dico»^a  {A-iOj 

r  '  i  2  S  i 

jnsj r  cos  a  sin -  «)|  y^  ^  ^  m^r^sin^C/S  -  a)|  =.  rdlsinO  -  a)  coeo  (A-2i) 

Solution  of  these  squattcns  is  readily  accomplished  by  determinants  to  give 


Lq  41 
T  ”  rm. 


2 

CQ»  <s 


m  +  2oi  2 

- jjy^l - ®  +  COB  a  ^ 


4  ,  Jl 

Q  rm. 


I 


sin  -  a)  cm  <a 


! 

2 

m  ^  2m  »  r  I 

e  ^  _ _ 2_  .  J 

fcQ  +  2ia  ) 

L_  _ 

|sln^(^-  a) 

2 

fm  + 

i 

(A- 22) 


(A- 23) 


For  practical  purposcM,  the  center'  of  gravity  of  the  mass  of  the  arch  and  the  effective 
footing  soil  is  coventrated  at  the  distance  r  from  the  center  of  curvature  of  the  arch,  thus, 

I  &  ■»  2mg)  r^.  Using  this  relation,  the  denondnators  In  the  preceding  two  equations  have 

the  common  term 


m  t  2n]. 


tn. 


(A.  24) 


cos  a  *  slo  {fi '  a) 


Utilizing  Equations  A>13,  A-l7,  and  A-18  with  Equation  A>24,  EquaUow  A- 22  and  A- 23  may 
be  cnprees^  as 


ai'.r" 


(A- 25) 


61'. 


I  coe  a  sin  (fi  -  a) 


coe  a 


(A- 25) 
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Thes*  are  the  velocities  needed  to  solve  the  equsitlons  of  motion  governing  the  secoiu!  phase  of 
behavior. 

Second  Phase  Motion 

lit  &>rmuiaUng  equations  of  motion,  tht  importaid  factors  inHuencitst  de&ectloc  of  the 
tmndstion  fnj''tt  be  determined.  M  has  been  suggested  that  It  Is  necessary  to  otnytldcr  the 
Mress  wave  g<merated  by  the  footings  to  get  a  realistic  pretiictlon  of  the  motlwi.  ChsiS  line 
of  reasoning  indicates  that  this  is  not  tr-ue. 

Tests  on  bouied  model  arches^  show  that  the  time  to  maximum  displacement  of  the 
structure  la  far  in  excess  of  the  time  required  for  the  soil  stress  wave  to  propagate  beyond  the 
region  occupied  by  the  arch.  Thus,  a  solution  sufficiently  accuri^e  for  design  purposes  should 
be  obtainable  without  considering  wave  propagation. 

The  dominant  parameters  are  thought  to  be  those  indicated  in  the  model  of  Figure  A- 16, 

An  etpiatlon  of  motion  and  a  solution  for  this  model  can  be  developed  If  the  effective  mass  which 
acts  with  the  footing,  an  appropriate  foundation  modulus,  and  a  suitable  damping  coe^sient  are 
available.  At  present,  there  is  no  comprehensive  information  on  theee  quantities,  however, 
analysis  utilizing  eoctenslve  dynamic  footing  teat  data  Is  being  made  at  the  Waterways  Experiment 
Station  to  determine  the  character  of  these  parameters.  It  Is  expected  that  the  effective  mass, 
the  foundation  modulus,  and  possibly  the  damping  may  be  functions  of  displacem«nt  and  time. 

For  purposes  of  the  present  development,  nevertheless,  these  parameters  will  be  ecHisidered 
as  constants. 

As  discusBsd  later,  some  pertinent  information  Is  avuuable  concerning  damping,  and 
methods  are  available  for  computing  the  modulus  of  subgrado  reaction.  Expressions  for  Q  and 
Vi  also  will  be  required  to  complete  the  equatloxis  of  motion.  In  the  following  paragraphs  the 
equations  of  motion  are  presented  with  each  of  the  cited  factors  craisldered  In  turn. 


Figure  A-  IS,  Model  tor  buried  arch. 


Eo^tlom  of  motion  tor  t  >  ty.  With  y  *  rt  and  Jt  »  bkjj,  tbe  equiUion  of  vertical 
moUotSii 


cm  m. 


Sm  )  4  -» 
e' 


3ci  *  3ki 


aj^ 


(A.  27a) 


Here,  the  arch  Is  aesumed  to  be  suftlclentty  long  so  that  the  Influence  of  the  end  wall  iotndatloa 
is  negll^le.  For  a  short  structure,  the  shear  on  the  vertical  planes  of  the  end  walls  nmat  be 
Included. 

Ass’  tnlng  that  the  mass  of  the  ayetem  may  be  coaaldered  aa  acting  at  a  dlatance  r  fi-om 
the  crater  of  curvature  of  the  wndeformed  arch 


With  the  relations 
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Equations  A- 27  and  A- 28  may  be  expressed  as 
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(A-31) 
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ft  xmy  be  noted  that  2ine  Is  used  in  Equation  A-30  instead  of  This  approxiination 
sliiipliflee  subsequent  relations  but  results  in  a  negligible  error  because  m  In 

these  equations,  n  sr<d  are  interrelated,  however,  because  of  the  identical  angular  and 
^ranslathasal  Crec^eacies 


h  “  (A-33) 


ft  now  becomes  necessary  tc  evaluate  the  undertermin^f  parameters. 
Load  and  soil  shear.  The  driving  force  shown  In  Figure  A- IS  is 


Q  >  2rp 


CA-34) 


where  p  »  average  pressure  over  x^,  X2 

The  pressure  at  any  point,  x,  behind  the  shock  front  for  t  >  ty  is 


Let  t  =  t  ♦  ty,  then 


(A- 35) 


but 
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The  av»  rage  pressure  over  x  j,  Xj  then  it 


P  ■  A 
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0  <  f  <  -  ty 


(A-36) 


where 


i  =  1  -  T  ♦ 

I  y 


(A- 3  6a) 
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Aa«ui»e  that,  for  the  depths  of  burial  of  tntareat,  the  vertical  soil  stress  eipials  the 
average  surface  prtMssure  over  the  arch.  The  shearing  force  in  the  soil  on  a  v^ical  {dane 
through  the  spring  line  per  untt  of  width  is 


Vj  »  (c  +  &ptand)|r  * 

where  c  -  s<^  cohesion 

&  «  the  ccr^ciec^  of  lateral  earth  preaaure 
Thus,  the  mimerator  of  the  right  side  of  Biustlon  A>31  becomes 

a  -  «V,  .  .  ,ri  (.  .i) 

■  ‘'V', (• 

Alternate!;;,  eKpressed,  Equation  A- 36  becomes 

a  -  sv, 

where 


(A-SH 


(A>36) 


<A-39) 


(A-40) 


Attention  may  now  be  direct eo  to  determination  of  the  foundation  modulua. 

Foundation  nK?dulus.  The  foundation  modulua  la  ths  ratio  of  ths  unit  lo^  on  a  footlnf  to 
the  total  settlement  of  the  footing  and  hi  commonly  eiq^ressed  bf  the  rtiatlon** 


k 


X 


(A~41) 


where  k.  >  ths  subgrade  modulus  for  a  footing  width  of  ons  foot  (uaually  determined  frmn  a 
plate  bearing  test) ;  here  the  dynamic  modulus  with  the  appropriate  surcharge 
pressure  should  used. 

b  -  footing  width  (ft) 

With  k^,  Q,  and  Vj  determined,  all  of  the  necessary  quantltias  except  the  damplaf  are 
available  for  the  soltAlon  of  Eqttatlons  A* SI  and  A-33. 
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Di^piag.  Th«  mods!  arch  twts  prerkaialy  refarrei  to  indicate  that  damping  of  the 
boi^  motions  la  n«ar  critical.  The  oscUlograma  shew  that  the  structure  deflected  to  a 
maximum  value  and  egcperfenced  no  further  oscillation,  although  there  was  a  small  elastic 
recover;  as  the  load  was  removed. 

Ueaaarements  from  the  Operation  Plumbbob  3.3  structures  also  indic^e  that  the  damping 
was  sear  critical.  For  present  purposes,  ther^re,  it  is  considered  sufficiently  accurate  to 
oiqilo;  the  solttttoi  of  the  equatiems  of  for  critical  damping. 

Solutkm  of  Bqu^lons  of  Motion 

With  Bqimtiott  ArSS  In  Equation  A*3l,  the  governing  equations  of  motion  are 


*4*  +  ir}ui  +  » 
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with  initial  cowtttlone 

«(0)  9{0)  *  0  (A-44) 
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-  0^  =  \,  the  foroial  soluUcma  of  these  equatione  are 
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Equations  A^45  and  A-46  liold  only  for  {  and  9  lasa  tfaan  or  aqual  to  th^r  initial  maximum 
vaiuee  because  ol  the  nonlinear  character  of  the  soil. 

For  the  most  severe  load  condltimis,  namely  long-duraticm  iMuUoCt  it  is  poesitde  to 
eK|>res8  the  maximum  deflection  of  the  footinca  much  more  simply.  Such  a  simplification  is 
possible  since  the  soil  may  be  ccmsldered  to  have  negllglMe  recovery  or  resound  ability, 
especially  at  higher  stresses.  Because  of  Uds,  it  is  possMe  to  superispoee  parts  of  the 
Boltition  of  the  eqttatioss  of  mi^km  iff  algebitdc  addiU^. 

The  respMise  of  the  buried  arch  to  a  traveling  wave  may  now  be  broken  down  bdo  three 
parts.  The  reeponse  due  to  the  load,  with  zero  InHial  condlticms,  to  eesentlally  the  peak 
deflection  uiider  a  static  load  of  the  same  peak  magnitude.  That  is 
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max 
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Differentiating  Siquation  A-46  and  equating  the  recolt  to  aero  givee  a  time  to  maxlnnun 
deflection  of  I/ua.  fttbetitutbii'  thia  in  Equation  A*46,  the  maxiamm  dtaplacement,  r6^„, 
caused  by  the  Inulai  angular  velocity  Is 
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o  max 


^*0 


(A-51) 


A  similar  expression  results  from  Div^ti?m  A-45  on  enplosrlng  the  dascrtoed  procedure  with 
o  0,  thus,  the  maximum  deflections  of  the  footings  for  Icmg  duration  loading  may  be 
CRpreeeed  as 
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Fcr  short' duration  loading,  the  deflecUoir)  may  be  computed  with  the  aid  of  Equations 

A>45  and  A-46.  Again,  and  f  should  be  used  so  that 

max  max 
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max 
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Relations  A- 52  and  A-  53  are  readily  evaluated  once  the  initial  vtfocltlea  y^  and  4q  have 
been  determined.  The  Inpulse  parameter  l!!  the  espreseions  for  the  Initial  velocities, 
Equations  A- 25  and  A- 26,  can  be  readily  determined  from  the  charts  of  Pbfurse  A-6  through 
A- 13. 


Dtocusslcn 

Judgement  regarding  the  Influence  of  the  do  slnant  parameters  Is  snhanesd  by  a  study  of 
Equation  A- 52.  It  can  be  simplified  by  lumping  those  terms  which  are  constant  or  only  vary 
through  a  small  range  for  the  preesure  regions  of  Interest.  Using  this  approach,  £ur  a 
cohestonleas  soil,  the  dominant  translational  part  of  the  deflection  can  be  expressed  as 
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(A- 54) 
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Here  It  Is  $e<m  that  the  footing  deflection  is  primarily  iepmdmA  upon  the  peak  applied  load, 
the  foirndatiob  znodultu,  the  angle  of  friction,  the  coefficleitt  of  lateral  eailh  pressure,  the 
radtos  of  the  arch,  and  the  depth  of  cover  over  the  crown.  The  manner  in  wMch  theee  terms 
affect  the  ddQection  is  fejrly  evident  from  Equation  A-54. 

The  first  two  terms  are  appraximateiy  tlw  dcfisction  which  would  result  from  a  static 
loaAng  while  tlw  second  term  rr^resentc  the  contribution  ihie  to  the  dynamic  nature  of  the 
loading.  For  a  given  eubgrade  modoius  and  depth  of  cover,  th«  dynamic  componetd  decreases 
as  the  radius  of  the  arch  increases.  This  ing>Ues  lhai,  relatively  speaking,  the  motions 
are  preqmrtionaiely  lees  for  targe  structures  than  for  small  ones.  The  second  term  also  shows 
that  the  subgrade  modulus  is  not  naarly  as  Important  In  limiting  the  dynamic  component  ats  in 
reducing  the  static  component  of  body  deflection. 

The  complCKlty  of  the  travtdlng-wevc  pi  oblera  has  necesstu  ted  makli^  numerous 
aasumi^ions  to  achieve  a  solutlou.  Several  of  these  assunHitions  are  not  validated  by  adequate 
fftperimenfol  dpta  and  may  require  modification  as  better  informatton  becomes  available.  The 
development  does  offer  a  reasonable  approach,  howevsr,  to  which  reflnsmmt  can  be  made  as 
warranted.  One  requirement,  which  could  easily  aiid  fruitfolly  be  made  when  the  d^h  of 
cover  ts  more  than  a  few  feet,  would  be  to  employ  the  method  of  Reference  11  to  replace 
Equation  A- 37  and  its  solution. 

No  attempt  was  made  to  determine  the  horixontal  body  motion  of  the  structure  since  this 
deflection  wlU  generally  be  relatlvtiy  small  and  of  little  eonsequsnce  in  the  pressure  regions 
considered,  except  possibly  as  input  for  shock  isolation  studies. 


SUMMARY 

The  development  presented  permits  achievement  of  an  oisight  into  the  Interrelation  and 
influence  of  the  dominant  parameters  controlling  the  body  m-Atons  of  a  bu>'ied  arch  subjected 
to  a  traveling  wave  from  a  nuclear  blast,  Corndatlon  of  the  theory  with  experlmattal  results 
from  the  Operation  Snowball  Project  3.4  arches  Is  glvmt  In  the  body  of  the  report. 

The  method  of  this  appradlx  should  be  coneidered  as  a  first  approximation  for  the 
prediction  of  body  motions.  Refinement  of  the  theory  to  include  the  dependence  of  the  arching 
shear  on  deflection  and  r^lacement  of  the  constant  coefficient  of  subgrade  reaction  with  the 
dynamic  load-defiectton  relation,  as  suggested  In  the  main  text,  would  refine  the  theory. 
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Appendix  B 
BACKFILL  SOIL 
by 

L.  W,  HeUer 


REQUmSMENTre 

The  burlai  of  the  arches  tor  Operation  Snowbali  reared  that  tour  flexible, 
30-lnch-di&m«ter  archie  5  teet  long  and  eight  fiextble,  12- inch- diameter  arehee  2  feet  long  be 
anf'o tvyoaa ai4  srithin  several  BelA»  of  dry  sand  mthihiUng  enetneer*ng  nreperttee 

The  dim«isions  of  the  excavated  pits  and  the  soil  flelds  placed  around  the  various  arches  are 
described  in  the  main  body  of  this  report. 

hi  order  to  compare  the  be^vlor  of  the  12  imried  arches,  It  was  necessary  that  each  of 
the  archer  be  embedded  in  a  like  manner  and  that  the  material  surrounding  each  arch  posseee 
t’  e  same  load-deformatlon  characteristics.  Some  of  the  In^rtant  prqperties  of  the  in-plaee 
iand  field  required  to  Insure  similar  engineering  characteristics  are  as  follows; 

1 .  The  sand  should  be  kept  air  dry  at  all  times.  The  influence  of  amisture  mi  the 
dynamic  properties  of  sand  has  been,  documented.  1^ 

2.  The  votd  ratio  or  density  of  the  sand  should  be  censtant  throughout  the  eittire  sand 
field.  The  density  of  a  dt^  homogeneous,  particulate  tnaterial  greatly  Inlluencee 
its  englneerli^  behavior.® 

3.  In  order  to  attain  homogeneity  throug^ut  the  artificial}?  placed  soil  field,  there 
must  be  no  segregation  of  the  sand  grains.  Segregation  produces  zemes  of 
potetdlal  failure  interior  to  the  sand  field  as  well  as  altering  its  engineering 
properties. 


METHODS  OF  CONSTRUCTING  A  SOIL  FIELD 

There  are  tliree  primary  methods  of  densLfying  an  initially  loose  sand  material  Into  a 
condition  suitable  for  engineering  purposes  name.>,  vibratory,  tamping,  and  sieving  methods. 

1.  Vibratory  methods  of  densllylng  a  dry  granular  material  are  described  In  Referance  21. 
Vibration  is  an  excellent  method  of  compacting  roadbeds  and  fills  when  the  loads  on  culverts 
placed  in  the  roadbed  or  structures  adjacemt  to  the  fill  are  not  important.  Stgregailon  is  an 
Inherent,  altliough  often  surmountable,  difficulty  in  this  method.  A  vibrator  has  been  us«d  In 
ccmpacting  a  sand  fill  in  previous  NCEL  tests.  3 

Because  nf  the  unrestrained  QexlblUty  of  the  arches,  the  absorption  InterCace  at  the  walls 
of  the  excavated  pits,  the  reflecUon  interface  at  the  compliant  face  of  the  arch,  and  the 
poBSlblilty  of  grain- size  segregation,  the  vibratory  metbod  appeared  to  be  an  undesirable  means 
for  constructing  a  homogeneous  sand  field. 

2.  Tamplig  methods  can  be  used  for  the  compaction  of  granular  or  cohesive  materials 
whenever  the  moisture  content  of  the  material  can  be  closely  controlled  and  n^alntatned  at  its 
optimum  vuiue.  Such  control  at  the  test  site  would  obviously  be  impossible  without  eBctsnsIve 
earthwork  equlpmest  and  laboratory  testing. 

Leads  applied  to  the  soil  and  thus  to  the  unsupported  flexible  arches  by  the  tamping 
action  would  be  a  second  prohibitive  disadvantage  of  this  method. 


3.  St«vliig  tnatiKNli  tor  producing  a  dense  granular  structure  have  been  used  for 
laboratory  studies  In  conjunction  with  small-scale  tests.  Sieving  techniques  appeared  to 
oflei  several  advantages  over  the  previously  enumerated  densificat<on  methoiis  for  the 
clrcijmstancee  involved  in  Operation  Snowball. 

When  an  air  dry  sand  Is  used,  a  dense,  vmlforiii,  and  homogeneous  soil  field  can  be 
pltced  with  none  of  the  dynamic  problems  Indigenous  to  the  vibratory  or  tamping  methods. 
Reixirted  warm,  dry  weather  conditions  and  the  avaUabUlty  of  unskilled  labor  for  placing  the 
soil  matarWl  at  the  test  site  were  further  ccmslderatlons  favoring  the  sieving  technique. 


DEVELOPMENT  OF  SIEVINO  APPARATUS 

The  operatifig  pr loclitlee  of  the  sieving  method  are  quite  sinq;>le.  Sand  is  metered  through 
a  series  of  sieves  to  produce  a  randomly  dispersed  system  of  free- telling  grains.  The 
t^antiai  ener^  td  each  of  these  grains  w*th  respect  to  the  inqtacting  datum  is  eiq>ended  as 
these  grains  strike  the  sortece  of  the  sand  and  seek  their  individual  mUilmunt  energy  positions. 

A  aingie-untt,  developmental  sieving  device  similar  to  that  shown  in  Figure  B- 1  was 
tebricated  and  tes.ed  to  determine  the  variabtes  affecting  the  resultant  sand  densities.  Lei^h 
of  conduit  hose  (B,  figure  B- 1),  height  of  drop  to  the  sand  surteee,  A,  and  rate  of  sand  flew, 

Q,  were  the  vartabiee  studied.  With  A  -  18  inches,  B  =  7  feet,  and  Q  =  0, 5  cfm,  the 
resulting  derntty  was  107.7  pcf.  Changing  A  to  30  inches  produced  a  density  of  109. 3  pcf. 
Figure  B-3  Illustrates  ttie  effect  of  flow  rate  and  drop  distance  on  the  sand  density  prodwed 
when  B  la  reduced  to  2  feet.  A  l-l/2-cublc  toot  container  was  used  tor  these  tests. 

A  singie>unlt,  prototype  developmmtal  sieving  device  was  moved  outdoors,  fitted  with  a 
9-foot-long,  3-lnch-cllameter  hose,  and  carefully  calibrated  with  orifices  of  3/4-,  1-,  l-i/4-, 
and  1-1/2- inch  diameter.  The  flow  rates  and  the  resultant  densities  for  this  series  of 
calibrations  are  given  in  Figure  B-3.  The  densities  obtained  with  this  sieving  apparatus  using 
the  1-1/2- Inch-diameter  orifice  were  only  sligtely  higher  than  those  obtained  by  vibratory 
methods”  in  the  NCEL  simulator  pit.  triple-unit  sieving  apparatus  were  designed  and 
tebricated  in  a  manner  suitable  for  filling  the  NCEL  blast  simulator  pit  and  the  excavated  pits 
tor  Operation  Snowball. 

Mr.  R.  C.  Sloan  of  the  Waterways  Ehpertment  Station.  Vicksburg,  Mississippi,  and 
Mr.  B.  A.  DonnsUan  of  the  Air  Force  Shock  Tube  Facility,  Albuquerque,  Neu  Mexico, 
provided  the  concepts  for  the  valving  and  sieving  components  of  the  NCEL  sieving  apparatus. 


PROOF  TESTS 

Proof  tests  were  conducted  In  the  blast  simulator  pit  at  NCEL  to  determine  if  NCEL  test 
sand  could  be  placed  in  this  tecUlty  by  the  sieving  method  at  a  density  comparable  to  that 
previously  obtained  by  vibratory  methods.  3  Figure  B-4  shows  the  multiple-unit  sievdi^ 
apparatus  positioned  for  filling  the  pit  during  these  proof  teets.  The  average  density  obtained 
for  the  vibratory  method  was  107. 1  pcf.  The  average  density  obtained  for  the  sieving  method 
was  107.2  pcf. 


PROCUREMENT  AND  PROPERTIES  OF  BACKFILL  SAND 

The  coat  of  procurement  and  transportal  ion  of  NCEL  test  sand  from  Ventura  County, 
California,  to  the  test  site  at  the  Sufileld  Experimental  Station  (SES),  Alberta,  Canada,  for 
backfilling  purposes  was  considered  to  be  excessive;  therefore,  Projects  3.4  and  3.2  purchased 
sand  from  Kimmltt  Concrete  Limited,  Medicine  Hat,  Alberta,  Canada,  through  a  joint  contract 
administered  by  the  Suffleld  Fkperimental  Station. 

The  material  was  taken  from  a  natural  alluvial  deposit  of  the  South  Saskatchewan  River 
near  Medicine  Hat,  Alberta.  The  natural  sand  was  then  washed  and  dried  in  a  gas-fired 
asphalt  batch  plant.  After  drying,  all  material  larger  than  the  number  10  sieve  (2.0  rnm)  and 
smaller  than  the  number  200  sieve  (0.07  mm)  was  removed  by  a  scieeir^lng  procees.  The 
graded  sand  was  then  trucked  to  the  test  sue  and  dumped  on  a  protective  plastic  sheeting  spread 
over  the  natural  ground.  Additional  protective  sheeting  was  placed  ever  the  sand  and 
sand-bagged  in  place. 
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Flow  Rato  (tfm) 


Figure  B-3,  Results  of  prototype  calibration 


MiX:HAmCAL  ANALYSIS 


Mechanical  analyses  of  the  sand  delivered  to  the  site  are  given  in  Figure  B-5^  The 
variability  in  the  analyses  couid  be  (hie  to  the  natural  occurrence  of  the  sand  or  to  the 
acreeninic  cmcese.  The  uniformity  coefficient  is  abom  2.  l. 


MICRO-  ANALYSIE 

Figure  B-6  is  a  niicrophotogr^h  of  a  typical  f:roii^>  of  sand  grains  from  the  material 
used  for  backfilling,  A  millimeter  sj'ale  is  shown  at  the  edge  of  the  figure.  The  sand  is 
predominantly  quartz  with  small  portions  of  other  rock  fragments.  A  reddish  clay  containit^ 
oocides  of  iron  often  fills  the  interstices  in  the  quartz  and  other  rock.  The  quartz  material  is 
quite  rounded. 


VOID  RATIOS 

The  maximum  void  ratio  was  determined  by  placing  the  sand  in  a  l/30-cabic  foot  mold 
through  a  1/2 -inch- Inside  diameter  ftjimel  held  close  to  the  surface  of  the  sand.  Three  trials 
produced  an  average  density  of  95  pcf.  The  specific  gravity  of  the  sand  grains  Is  2,67,  so  the 
maximum  void  ratio  is  about  0.75. 

The  minimum  void  ratio  was  determined  in  the  following  manner.  The  sand  was  placed 
in  a  1/30-cublc  foot  mold  in  two  layers.  Each  layer  was  compacted  by  30  blows  of  a  drop 
hammer  weighing  10  pounds  and  felling  18  Inches  on  a  2'lnch-dlameter  base.  Two  trials 
produced  an  average  density  of  113.9  pcf,  or  a  minimum  void  ratio  of  0.46. 


TRIAXIAL  COMPRESSION  TESTS 

Table  B-  I  presents  the  results  of  drained  trlaxial  r  impreswilon  tests  performed  on 
spccMnens  of  the  backfill  sand.  Tests  N-i  through  N-4  were  performed  at  NCE.L,  and  Tests 
A- 1  through  A-3  were  conducted  at  the  University  of  Alberta,  by  Dr.  E.  W.  Brooker.  The 
relatively  low  friction  angles  are  primarily  attributable  to  the  large  portion  of  rounded  quartz 
particles  contained  in  the  iiackfill  mater»ai. 


SIEVING  APPARATUS  CALIBRATIONS 

One  muJtlple-unli  sieving  apf):iratu»  and  a  Toledo  platform  scale  (2,000  lb  capacity) 
were  slilpped  to  the  teet  site  at  the  auffleld  ENperlnier^aJ  Station.  One  of  the  sieving  units  was 
used  for  calibration  purposes  prior  to  any  backfilling  operation.  The  unit  was  suspended  from 
a  truck  A  frame  and  centered  over  the  segmented  box  placed  on  the  Toledo  scale.  The  bottom 
of  thf  inverted  funnel  was  located  3*^  Inches  from  the  bottom  of  the  36-  ty  36-  by  IS- Inch- high 
Si  gmented  box.  The  vertical  dista.  e  from  the  orifice  in  the  barrel  to  the  wjttom  of  the 
inverted  f.ieve  funnel  was  5  feet.  Sard  was  sieved  into  the  segmented  box  n  id  distributed 
evenly  by  slowly  moving  the  funnel  in  lateral  dlrc<rtions  from  Its  Initial  position. 

This  procedure  resulted  In  sand  drop  distances  from  36  inches  to  18  inc hen.  Subsequent 
density  calculations  revealed  tlnai,  for  this  granular  material,  there  was  no  significant 
variatton  in  density  for  the  range  of  drop  dlstancis.  The  averEge  density  obtained  was 
110.  8  pcf  or  a  relative  density  of  0. 63. 

A  second  caltbratlon  was  performed  in  the  same  manner  after  the  backflUlng  had  been 
completed.  Tiie  average  density  obtained  was  110.8  pcf. 


MECHANICAL  ANALYSIS 


% 


91 


B-5.  MectauilcaJ  analyse*  of  backfill  sand  supplied  by  KUninltt  Concrete,  lid. 
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Flgrure  B-6.  Microphotograph  of  SE3  sand  grains. 


Table  B*I.  Results  of  Trlaxial  Compression  Tests 


Test 

No. 

Confining 

Prtmsure 

(pal) 

Loading 
Rate 
{in, /min) 

Relative 

Density 

Frlcticm 

Angle 

(deg) 

Initial 

Tangent 

Modulus 

{psO 

Remarks 

N-1 

10 

0.026 

0.53 

35.1 

4,000 

Air  dry 

N-z 

la 

G.02S 

C.5S 

34.4 

3,200 

Air  dry 

N-3 

20 

0.025 

0.68 

34.1 

6,500 

Air  dry 

N-4 

20 

0.025 

0,70 

34.1 

5,300 

Air  dry 

A-1 

40 

0.040 

0.41 

34.1 ±  1.5 

... 

5.07%  »«>isture 

A- 2 

60 

0.049 

0.4S 

34.1  a  1.5 

... 

5.07%  moisture 

A-3 

120 

0.049 

0.31 

34.  1  i:  1.5 

... 

6. 07%  moisture 

SAND  AND  ATCH  PLACEMENT 


The  plan  view  oi  Project  3.4  (Figure  2)  shows  the  locations  of  the  eoccavated  pit*.  The 
stockpile  of  sand  was  placed  west  of  and  adjacent  to  the  pits  so  that  the  truck- mounted  crane 
used  to  support,  transport,  and  position  the  multiple- unit  sieving  apparatus  could  conveniently 
swing  from  the  stockpile  to  the  pit  locations. 

The  field  sieving  operation  required  five  men:  three  to  distribute  the  sand  flow  from 
each  of  the  three  sieving  units,  one  to  operate  all  of  the  sieve  control  vaJvee,  and  a  crane 
operator  to  Insure  that  no  malftjnction  endangered  the  sand  placement  crew.  The  crane 
transported  the  apparatus  to  the  stockpile  where  sand  was  placed  into  the  sieving  units  with 
shovels.  The  units  were  then  moved  into  place  above  the  pit  to  be  backfUied  at  a  sand  drop 
distance  of  30  inches.  The  sand  distribution  and  valve  operation  was  directed  to  maintain  a 
level  sand  5  .rface  during  construction  of  the  fill.  When  the  units  were  ennptied,  they  were 
returned  to  the  stockpile  for  refilling.  About  0.7  yard  of  sand  was  placed  in  each  30-minute 
cycle,  so  all  of  the  pits  could  be  filled  In  30  hours. 

In  order  to  prevent  disturbance  to  the  structure  of  the  sand  placed  in  the  pits,  the 
foilowing  flll-and-trtm  method  of  bedding  the  arch  footings  was  devised.  After  the  surface  of 
the  sand  had  tjeen  brought  to  an  elevation  slightly  below  the  level  of  the  arch  footings,  thin 
angle  Iron  supports  were  driven  vertically  into  iho  placed  sand,  renxjte  from  the  ultimate 
footing  locations.  These  angles  supported  trimming  guides,  stiff  horl*ontal  angle  Irons 
connected  between  the  vertical  supports  and  running  parallel  to  the  major  axis  of  the  arch. 
Flach  of  the  vertical  supports  of  the  resulting  H-shaped  frame  was  then  driven  until  the  top 
surfaces  of  the  trimming  guides  coincided  with  the  plane  of  the  arch  footings.  Additlonai  sand 
was  placed  until  thi  surface  was  slightly  above  this  plane.  A  flat  stainless  steel  blade, 
spanning  the  horizontal  distance  between  and  resting  on  the  trimming  guides,  then  was  used  to 
cut  the  bedding  surface  for  the  arch  footings.  Small  plate- bearing  testa  were  conducted  on  the 
trimmed  sand  surface  between  the  trimming  guides  as  described  In  a  subsequent  sectlcm  of 
this  appendix. 

Two  H  frames  were  used  for  the  small  arches  and  three  were  used  for  the  large  arches. 
The  center  H  frame  was  removed  and  the  arch  was  set  Into  its  predetermined  position  before 
the  exterior  H  frames  were  carefully  pulled  from  the  sand.  Sand  was  placsd  interior  to  the 
large  arches,  up  to  the  elcvatlc,"  of  the  bettem  of  the  floating  plywood  flooring,  by  pouring  U 
from  a  canister  attached  to  a  2-foot-loi«  handle  and  painstakingly  leveling  the  eureace  with  a 
wooden  screed. 
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Th«  flooring  was  placed  inside  the  arches,  the  instrumentation  was  connected,  and  the 
end  walit',  with  seals  to  prcfvent  the  Infiltration  of  sand,  were  attached  to  the  arches  before  the 
haekfillUv^  (deration  was  ccmtlnued. 

The  primary  concern  in  placing  sand  around  and  over  the  semicircular  steel  arches  was 
that  the  sieves*  grains  should  not  strike  .  se  metal  arch,  slide  over  its  surface,  and  impact 
the  sat^  surfiuie  at  low  velocity.  Such  an  action  would  serim-iBly  alter  the  condition  of  the  sand 
near  tiie  sand*arch  Interface.  The  operators  carefully  distributed  sand  from  the  sieving 
a^^arattm  so  tint  only  the  edge  of  the  tall  pattern  struck  the  steel  arch.  This  method  of 
distribution  produced  a  sand  surfcice  which  was  slightly  concave  downward  toward  the  arch  and 
its  end  wails  during  backfilling  io  the  elevation  of  the  crown  of  the  arch.  The  density  of  the 
sand  fbr  a  few  mean  sand  grain  diameters  from  the  arch  Is  probably  somewhat  less  than  that 
obtained  thiiing  calibration  of  the  sieving  apparatus.  Sand  was  placed  over  the  arch  to  an 
tievaUon  2  Inches  below  final  grade,  a  plastic  membrane  was  placed  over  the  entire  sand 
surface,  and  the  backfill  was  brought  to  grade. 

Certain  dlfflcultles,  mistakes,  and  mishaps  occurred  during  the  backfilling  operations. 
Weather  conditions  at  the  Suffleld  Experimental  Station  presented  one  difficulty;  the 
unseasonable  rains,  a  hail  storm,  and  the  winds  in  particular.  Figure  B-7  is  a  plot  of  the  m^n 
hourly  wind  velocltl«i  recorded  at  a  height  ot  2  meters  above  the  ground  for  the  month  of  May 
during  the  years  from  1265  throi^h  1958.  The  early  morning  hours,  the  time  of  least  winds, 
were  utilized  for  placement  of  the  backfill  sand  because  the  trajectories  and  random 
(ttstribution  of  the  free  hUling  sand  grains  from  the  sieving  apparatus  were  biased  by  horizontal 
wind  currents.  Four- foot* high  plywood  windbreaks  were  erected  windward  of  the  pits  being 
backfilled  whenever  wind-indued  segregation  effects  were  noted.  The  pit  for  arch  CA-3  was 
overfilled  2  inches  so  the  backfill  had  to  be  excavated  4  Inches,  a  new  plastic  membrane 
installed,  and  the  fill  brought  up  to  the  proper  elevatlcsi.  The  backfill  sand  In  arch  pits 
CA-lO,  11,  and  12  was  wetted  during  a  rainstorm  and  was  replaced  before  these  arches  were 
positioned.  The  backfill  over  and  around  arch  CA-2  contained  a  small  portion  of  silt  particles 
to  6  mm,  because  it  was  obtained  from  a  stockpile  placed  on  the  ground  surface;  the  original 
stockpile  hd  become  wetted  due  to  deterioration  of  the  covering  plastic  sheeting.  The  funnel 
sieves  were  oftrn  plugged  by  these  particles  durli«  the  sieving  operation  around  and  over 
arch  CA-2.  The  truck-mounted  crane  dropped  the  mult4}le-unit  sieving  ^aratus  on  two 
occasions  during  transport,  but  there  were  no  personnel  injuries  during  the  entire  backfilling 
operation. 


SMALL  PLATE- BEARING  TESTS 

Plate- bearing  tests  were  conducted  on  the  trimmed  backfill  surface  to  determine  the 
initial  modulus  of  the  sand  at  the  footing  elevation  of  arches  CA-  i,  CA-2,  and  CA-3.  A 
schematic  representation  of  the  small  plate-bearing  device  fabricated  at  NCEL  la  shown  In 
Figure  B-@.  Reference  S  Indicates  that  the  failure  load  of  this  footing  would  be  slightly  more 
than  5  psl  for  a  friction  ang'e  of  36  degrees,  so  only  13  of  the  28  available  weights  were 
needed  to  perform  the  teets. 

Four  teets  were  performed  In  each  pit  at  a  position  in  line  with  the  major  axis  of  the 
arch  footings  and  about  9  Inches  from  the  ends  of  the  footings.  The  dial  gage  support  frame 
was  anchored  to  the  trimming  guides  and  the  plate-bearing  plunger  was  positioned  on  the  sand 
surface  under  the  gage  operating  shaft.  The  gage  was  then  firmly  secured  and  a  preload  of 
0. 9  psl  was  applied  to  the  plate  by  adding  steel  weights  to  the  top  of  the  plate.  Load- settlement 
data  were  recorded  as  additional  weights  were  added.  A  typical  load- settlement  plot  for  arch 
pit  CA-3  is  given  in  Ftgure  B-9. 
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tNSTRUMEKTATION 
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I.  M.  Derr  and  D.  H.  Johnson 


©rTRODUCTlON 

This  appendix  describes  the  electronic  equlpmoit  and  calibration  procedhires  for 
Project  3. 4.  Thirty-six  channels  of  instrumentation  were  provided  to  measure  pressure, 
stndn,  deflection,  velocity,  and  acceleration.  The  amplifying,  recording,  control,  logic,  and 
measuring  systems  are  descr  ibed,  and  the  characteristics  of  the  various  transducers,  their 
placement,  and  the  method  of  calibration  are  outlined.  Mechanical  backup  measurem^ts  were 
made  wherever  practicable  and  the  nature  of  the  backup  measurements  is  eaplalned.  A 
schematic  block  diagram  of  the  system  Is  shown  in  Figure  C-i. 


RECORDING  EQUIPMENT 
Characteristics  of  Recording  System 

AU  electronic  measurements  were  made  with  Consolidated  Oectrodynamlc  Corporation 
System  D  recording  equipment  with  CEC  Model  5-114-P4,  18-channel  osctllogrcphs.  The 
components  of  System  D,  shown  in  Figure  C-2,  are:  (l)  a  power  supply  to  furnish  IXl  and 
filament  voltages  to  carrier  amplifiers  plus  3  kc,  10  volts  rms  for  gage  excitation,  and 
(2)  bridge  amplifiers  that  provide  uniform  amplification  of  signals  from  the  bridge,  compensate 
for  resistive  and  reactive  unbal^mce  in  the  pickup  and  its  connecting  cable,  and  demodulate 
the  3  kc  carrier. 

Specifications  of  the  bridge  an^ilUlers  are: 

1.  Full-scale  output;  t  5  ma  into  a  24-ohni  load,  corresponding  to  a  4>inch  double 

amplitude  galvanometer  trace  deflection  using  a  CEC  type  7-323  galvanometer. 

2.  Sensitivity  for  maximum  output;  1  mv,  with  no  attenuation;  1  v  maximum,  with 

full  attenuation. 

3.  Input  impedance;  approximately  1, 800  ohms. 

4.  Input  attenuator;  20  steps,  l  to  1,000,  and  off. 

5.  The  bridge  balance  system  will  accommodate: 

a.  A  four-arm  bridge  composed  of  wire  strain  gages  or  other  resistive  elements  - 
each  element  120  to  500  ohms,  with  maximum  bridge  unbalance  of  65  mv  for 

10  v  across  the  bridge. 

b.  A  two-arm  variable  reluctance  pickup  suitable  for  uee  at  3  kc. 

6.  Controls  provide: 

a.  Phase  balance. 

b.  Amplitude  balance. 

c .  Refer«sK e  voltage  phase  cont rol . 
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d.  Galvanometer  otf>on  switch. 

e.  Calibrate  -r  and  -  switch. 

f.  Balance  operate  switch. 

g.  Attenuation. 

7.  Linearity:  Output  current  is  proportional  to  the  input  voltage  within  3  pereent  of 
fnaxiiaum  output. 

8.  Frequency  r^ptmae;  Galvanometer  trace  amplitude  a  3  percent  for  moduli^irig 
frequencies  irom  0  to  600  cps,  when  connected  to  a  Cl^  7~333  galvanometer. 

8.  Oidput  impedance:  1,000  ohms. 


CONTROL  EQUIPMENT 
Logic  Units 

The  primary  function  of  the  logic  uiuts  U  to  accei^  remote  fltid  tinting  relay  cloaure 
commands  to  cycle  the  System  D.  Magnetic  Research  Company,  bic. ,  Model  361-9  logic  units 
were  en^loyed.  These  uidts  are  designed  especially  for  uae  with  CEC  System  D  In  conjunction 
with  Magnetic  Research  Coupling  Modules,  Itodel  362-2. 

The  commands  and  responses  for  Project  3 . 4  were; 

Command  Closure  Response 


-30  minutes 

Turn  on  power  to  system  for  warmup 

-15  minutes 

(backu|>) 

-10  seconds 

1. 

Start  oscillograph  drive. 

-  5  seconds 

2. 

90-percent  calibration  step  on. 

(backup) 

3. 

100-percent  calibration  step  on. 

4. 

Calibration  off. 

5. 

Data  recording. 

6. 

..  J-percent  calibration  step  on. 

7. 

100-percent  calibration  step  on. 

8. 

Calibration  off. 

9. 

Stop  oscillograph. 

10. 

Turn  off  warmtqp  power. 

Each  calibration  step  is  about  1  second  long  and  the  dau  run  between  prashoi  and 
poetshot  calibrations  lasts  about  30. 67  seconds.  Before  the  signal  Is  rscetved  to  start  the 
paper  drive,  there  is  the  possibility  that  the  warmup  power  migM  be  turned  off  by  the  removal 
of  the  -30  minute  and  •  15  minute  timing  signal.  TSUs  could  rasult  in  the  toss  of  a  record; 
thus,  to  preclude  such  s  possibility,  latching  relays  were  Installed  with  each  logic  unit  to 
provide  continuous  closure  if  the  timlitg  signals  should  foil.  An  advantage  of  using  latching 
relays  Is  the  ability  to  cycle  the  logic  units  Independently  during  presbot  tests  without 
removing  cables. 

Once  the  paper  drive  signal  has  been  received,  the  unit  Is  "locked"  Into  a  complete 
sequence  cycle.  This  eliminates  the  posbiblllty  of  shock  opening  a  relay  and  tuning  the 
system  off  during  the  data  recording  period. 

The  logic  units  wUl  operate  on  either  11 5- volt  AC,  eo-cps  power,  or  24-  to  22- volt  DC 
power.  They  will  not  respond,  however  to  the  paper  start  command  utdeas  H5  volts  AC  Is 
supplied.  When  the  Wilts  are  battery  operated,  the  AC  power  Is  fondehed  by  converts™ 
qperating  from  34- volt  batteries. 
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Figure  C-1.  Instrumentation  system  layout. 


view  of  electronic  instrumentation. 


Power  Barkup 

If  the  US  volt  AC  powiftr  ehould  &iil,  an  automatic  switchover  to  ii4-volt  DC  operation 
will  occur.  Thfs  is  accomplished  ^vlth  an  N'CEL  designed  sensing  and  switching  unit.  When 
the  AC  trom  the  yower  mains  eacecde  125  volts  or  falls  below  l05  volts,  rhe  swUciiover  to 
battery  operated  converters  occurs,  datiicieitt  batteries  were  installed  tor  1  hour  of 
operation,  with  an  aiDtUiary  set  on  standby  for  quick  connection,  *f  they  were  needed. 

The  2A>voU  DC  to  1  IS- volt  AC  convwers  used  were  Carter  Model  C  1050  CP.  These 
devices  are  c^jialde  of  continuously  sui^iylng  500  watts  of  AC  power. 

Tlmii%  Marks 

Identlcai  timing  marks  were  placed  on  each  oscUlogr^h  record  with  a  titnir4t  generator 
designed  and  built  at  NCEL.  A  timing  mark  occurs  each  l/lOOth  of  a  second.  The  mark  for 
each  l/lOth  of  a  second  is  twice  the  amplitude  of  the  1/TOOth  second  mark.  This  assures  time 
correUtion  of  the  tour  oeclUographs.  An  additional  time  correlation  is  provided  by  the 
application  of  a  detonation  rero  time  pulse  which  occurs  at  the  time  power  U  appll^  to 
detonate  the  explosive  charge. 

Phase  LocktRg  Carrier  Power  St^plles 

When  more  than  one  carrier  power  supply  is  used  In  a  common  measurement  system, 
there  is  the  possibility  of  an  undesirable  sinusoidal  pickup  In  the  signal  leads.  The  frequency 
of  this  pickup  is  the  difference  between  carrier  frequencies.  The  procedure  recommended  by 
C EC  for  eliminating  such  pickup  is  to  use  slaving  connections  between  power  supplies.  By 
Sals  method,  only  one  oscUlator  generates  the  carrier  frequency  while  the  r  emaining  units 
operate  as  "slave”  amplifiere.  Ihe  disadvantage  of  this  metlxxi  is  that  a  failure  of  the  master 
oecUiator  results  In  failure  of  all  carrier  voltages  and  consequent  loss  of  data  on  all  channels. 

To  overcome  the  latter  problem,  a  0.005  mfd  capacitor  was  C'Onnected  from  a  common 
buss  to  pin  1  of  the  slaving  terminal  of  each  oscillator  power  supply.  With  this  method,  there 
is  sufficient  coupling  to  obtain  phase  locking  when  all  oscillators  are  allowed  to  operate.  If 
one  oscillator  should  fall,  there  would  be  a  20-percent  decrease  in  carrier  voltage  with  a 
resulting  20-percent  decrease  in  data  trace  amplitude.  There  also  would  be  a  20-percent 
aecrease  in  calibration  trace  amplitude,  therefore,  the  corresponding  correction  toctor  could 
be  applied  to  obtain  valid  data. 

Coupling  Units 

Effects  measurements  from  high- explosive  field  tests  ohen  require  long  transducer 
cables  and  a  variety  of  transducers  with  various  electrical  c.haract eristics.  These  conditions 
create  a  requirement  for  a  broad  range  of  control  for  electrtcally  phasing  a;id  balancing  of 
transducer  signals.  In  addition,  with  the  CEC  System  D,  «  method  Is  needed  for  remote 
calibration.  The  coupling  unit  used  was  designed  by  BRL  to  fulfill  these  requirements. 

The  functions  of  the  coupling  units  are  to  provide. 

1.  Local  and  remote  cotttrol  of  electrical  calibration. 

2.  Auxiliary  transducer  zero  balance  control. 

3.  Controls  for  phase  and,  thus,  deflection  reversal  of  transducer  and  calibration 
signals. 

4.  Dptlonal  oscillator  power  supply  isolation  from  the  transihicers , 

5.  vernier  nignai  attenuation. 

6.  Solderiess  mounting  for  phase  altering  and  shunt  calibration  elements, 

7.  Carrier  and  signal  monitoring  points. 


TRANSDUCERS 


The  deflection,  etmki,  velocity,  and  acceleration  gagee  dtscueaed  in  the  Mlcnriag 
paragraphs  are  shown  in  position,  as  they  were  moonted,  to  Figure  C>3, 

Preesure  Chigee 

The  oveii^Msure  gagim  enrgloyed  were  Type  3PADId&.  %eeigcstiogB  of  the 

gages  are; 


1.  Maximum  preaajre:  ISO  percent  of  range. 

2.  Linearity;  0. 5  perceid  or  leea  of  pressure  range. 

3.  Hysteresis;  0. 9  percent  of  pressure. 

4.  Reeolutlon;  continuous. 

5.  Rise  time*  100  to  300  microsacoMto. 

6.  Natural  frequmcy ;  1 , 000  to  4, 000  cps . 

7.  Acceleratiwi  sensitivity:  0.01  percent  to  0,05  percent  of  range  per  g  of 
acceleration  depending  on  application. 

8.  Compensated  temperature  range;  >3S  F  to  -t-lSO  F. 

8.  Zero  drift  with  temperature;  leea  than  3  percent  of  range  over  100  F. 

10.  Sensitivity  change  with  temperature;  lees  then  2  percent  range  over  100  F. 
Deflection  Transducers 

The  deflection  transducers  used  were;  one  Bourns  Allgnopot  Model  1S6,  Part  Number 
15620-0-2. 5' 103,  and  two  Bourns  Model  108  Linear- Motion  Potentlomsters,  Part  Number 
10820-0- 131- 103.  Allgnopot  Model  15S  has  a  total  useful  deflection  range  of  2.  S  inches  and 
has  a  baU  and  socket  at  the  shaft  entry  point  to  prevent  shaft  bindtnf,  If  the  shaft  and  body 
;4hould  not  be  aligned  due  to  a  transverse  movement  of  one  with  respect  to  the  other.  Tbs 
Model  108  potentiometers  have  a  useful  measurement  range  of  1.31  Inches.  Both  units,  of 
10,000  ohme  rseletance,  were  connected  into  a  bridge  circuit  to  make  them  compatible  wtth 
the  System  D  equipment.  A  sketch  of  the  circuit  is  shown  in  Figure  C-4.  Resolution  la 
limited  only  by  the  diameter  ti  the  wire  used  in  winding  the  Ilnssr  resistance  element  which, 
In  these  two  models.  Is  17  tnLs. 

Strain  Gages 

The  strain  gagee  used  were  "DenfoU"  type,  die-cut  foil,  manufa^iared  by  Dentronlca, 
Incorporated.  Theae  gages  have  a  resistance  of  120  ohms  with  a  tolerance  of  Ml.  t  ohm  and  a 
gage  factor  of  2.07  *  1  percent.  The  gages  are  self-compensated  for  •tslnlsss  steel  to 
within  20  mtcroinches  Indicated  strain  over  the  temperature  range  of  48  F  to  128  F,  and 
within  10  microinchee  from  60  F  to  110  F.  Gage  factor  variation  with  temperature  Is  less 
than  0.01  percent  per  degree  F.  Oversll  dimensions  of  the  gstfe,  Including  twcking,  ere 
11/10  by  r!/e  inch,  dimensions  of  the  active  elemwit  are  0.  38  by  0. 2®  Inch. 

The  gagee  were  cemented  with  Eastman  910  cement  after  flrat  roughing  the  beck  of  the 
gage  with  a  small  fiber  glass  brush.  Sufasequeidly,  the  gages  were  waterproofed  wtth 
petrocene  wax  and  a  layer  of  electric  tape,  both  of  which  then  were  covm’td  wtth  black  Tsn-X 
sealing  compound,  manufacturt'd  by  Electro  Cote  Compaiqr. 


Velocity  Gages 


Measurem«it  of  ¥610011?  of  the  arch  footings  and  of  two  points  in  the  free  field  were  nsade 
with  Stanford  Research  institute  {SHI)  Mark  n  velocity  (^es.  These  aagee  operate  cut  the 
principle  of  an  over-danced  acccderonaeter.  A  hinged  thin  plate,  sueptf^ed  in  oil,  ie  forced 
through  the  oil  by  any  acceleration  in  the  vertical  direction.  A  reetorlag  firing  compensatee 
tor  the  normal  gravitational  foirces  acting  on  the  plate.  The  transducer  alenseni  os  the  system 
is  a  Wiancko  variable  reluctance  gage;  brackets  attached  to  the  plate  change  the  rMuetanee 
between  two  coil  assemblies  as  the  plate  moves  through  the  viaemic  oU. 

The  SRI  velocity  gage  is  designed  to  operate  at  velocities  of  1  to  60  (t/sec  where  the 
pulse  duration  is  10  ntsec  or  more.  Sensitivity  changes  l  percent  per  degree  F;  therefore, 
a  sensitivity  check  is  necessary  before  each  test. 

The  gage  operates  on  a  carrier  of  up  to  20  volts  at  6  kc.  In  the  Project  3.4  test,  a 
carrier  of  10  volts  at  3  kc  was  used.  Dlmenalons  of  the  velocity  gage  are  l.S  inches  in 
diameter  by  3.625  inches  In  length;  the  gage  weight  Is  480  grams.  Those  gages  in  the  free 
field  were  encased  in  4-  by  4-  by  3. 6- inch  blocks  of  foamed  cement  to  match  the  density  and 
to  i^tproximate  the  stiffoess  of  the  gages  to  the  density  of  the  surrounding  soil. 

Accelerometers 

The  accelerometers  employed  were  Endevco  Corporation  Model  A- 2260- 2^0- 10.  The 
accelerometers  have  a  tour,  active-arm,  bridge- sensing  etemtmt  which  uses  piesoresistlve 
strain  gages.  The  rated  range  of  the  urdts  is  ±250  g  and  they  can  withstand  ±750  g  or 
200- percent  overload  for  limited  periods.  Frequency  response  is  from  0  to  2,000  c|^  with 
±0. 5-pereent  deviation  at  1,  000  cps  and  ±3. 0-percent  deviation  at  2, 000  cpe.  Senaltlvlty  Is 
appraxtmataly  1 . 2S  mv  per  g  acceleration.  Dimensions  of  the  unit  are  0.615  Inch  In  diameter 
and  1.10  inches  in  height.  Deviation  of  sensitivity  wtth  teng>erature  is  less  than  1  percmt 
from  32  F  to  125  F.  To  obtain  high  accuracy  at  low  accelerations,  5  minutes  of  warmup  time 
should  be  allowed  to  permit  thermal  transients  to  disappear.  Also,  these  gages  should  be 
operated  at  the  rated  10  volts  excitation.  The  weight  of  one  acceleromcAer  la  35  grams. 

Measurement  Errors 

Errors  associated  with  various  components  of  the  measurement  system  are  as  follows: 

Component  or  Function  Error  (%) 


Aniplifler 

2 

Galvanometer 

2 

Readout 

1 

Transducer: 

Pressure 

0, 

Deflection 

0. 

Strain 

0. 

Velocity 

3 

Acceleration 

0.  5  at  1, 

Calibration 

1 

These  errors  are,  cumulatively,  lees  than  the  vaiiations  eacpected  from  <me  sgqpteriraental 
setup  to  the  next  for  soU- structure  systems.  Thus,  even  under  the  most  unfavoralde 
circumstances,  the  precision  of  the  measurements  is  quite  satisfactory  for  the  type  of  test 
invol  V€id 
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CaUbntion  of  Tnuu<kK:«r* 


Pr«i»vaf«  WlancIcD  prMsure  tniiui({uc«rs  were  c^lbrated  In  itO>percent 

increBuatM  to  140  percent  of  tbe  estimated  maximum  praeaure  loading  with  a  static 
preaeure.  A  oklltaratlcm  reeletor  was  used  In  the  circuit  to  determine  any  change  in  syetem 
betweeu  calfiiratioB  mid  test. 

Linear  Deflection  The  Bourns  linear  potentiometers  were  calibrated  in 

M-pe«eM  Inerements  to  Iw  percent  oi  eeticated  maximum  deflection  by  using  a  micrometer 
moulded  tn  a  specially  deeignsd  rack.  A  calibration  resistor  was  chossn  to  give  s  deflection 
equal  to  ai^raxlmately  the  ddHectltm  eoqi^ected  at  tbt  time  of  test,  and  the  ratios  cd  calibration 
and  tset  dsfiaetioBS  were  used  te  dstermine  the  system  seasitivi^. 

StrslnOagss.  The  Dsnfoli  foil  strain  gsges  were  calibrated  by  placing  a  100,000>ohtn 
precision  resistor  across  ons  arm  at  sach  fo«r>arm  strain  bridge,  simulating  a  strain  of 
600  mlerolneheB  per  inch.  A  callhradiig  rselstor  was  placed  in  the  cotqtling  unit  and  the  trace 
relationship  at  time  of  eallbrstltm  and  test  detsrmlnsd  ehangss  In  systsm  sensitivity. 

Velocity  Gages.  Calibration  of  the  velocity  gages  was  achieved  by  pulling  the  hinged 
{datea'a^idiist  sptmg  tension  with  a  solenoid  and  then  letting  the  plate  dn^  with  both  the 
reetoring  force  of  the  spring  and  natural  gravitational  forces  acting  cm  it,  thereby  prcxhiclng 
a  combined  force  of  2  g's.  A  record  was  taken  s^  ssnsttlvity  was  determined  as  trace 
deflecticm  durL«  1  second  divided  by  64.4  It/sec*.  A  calibrating  resistor  also  was  placed  in 
the  coupling  unit  and  a  record  was  ^en  at  the  time  of  the  test,  thus  giving  the  relationship 
of  the  sensitivities  of  the  anq^lBur  circuit. 

To  detect  changes  In  viscoetty  of  the  clamping  oil,  a  record  was  mads  of  the  time  It  took 
for  the  plate  to  move  from  a  point  where  it  had  maximum  spring  tension  to  its  at*  rest  position. 
A  record  was  taken  st  tbs  time  of  eslibratlon  and  }ust  prior  to  the  time  of  test.  Log  amplitude 
versus  time  from  these  trscss  were  plotted  end  the  reiatfonshfo  of  their  slopes  determined 
the  change  of  sensitivity  of  the  gags. 

Accslerometsre.  Endeveo  accelerometers  were  calibrated  in  20-percent  increments  to 
140  percent  of  the  estlmnted  mexlnnum  acceleration  using  a  Schavitz  rotary  accelerator.  A 
resistor  was  placed  in  the  coupling  unit  that  caused  s  trace  deflection  ec|ual  to  ttie  deflection 
of  approxtmately  100  percent  of  the  maximum  acceleration.  The  ratio  between  the  trace 
deflection  at  calibration  and  at  the  time  of  test,  when  this  resistor  was  placed  across  one  arm 
of  the  bridge,  determined  the  change  in  the  seneltlvlty  of  the  amplifier. 
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App«iidlx  D 

OSCILLOGRAMS  AKD  SCRATCH  TRACES 

GbO#  Scala  Trace  Ibwldbat  time* 

(nin./ir*. )  at  2  me 


Figure  D- 1.  Strain  data  {rom  OBCtUagram. 
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Thli  irregulorify  was  due  to 
the  crown  level  rod  influence. 


Figure  D-2.  Strain  data  from  oecillogram 
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Figure  D-3.  Strain  data  from  oecUlogram. 
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Figure  D-4.  Strain  data  from  oscillogram. 
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Figure  D-5.  Strain  d«ta  from  oacUlognm. 
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Figure  D-  10-  V  eloetty  data  from  OBClllogram. 


Figure  D-12.  Vel«:lly  data  from  oscillogram 


Sign  conv*nfioo:  downward  valocity  i»  po*itiv«. 

Th«  runout  condition  •xittad  at  th**«  itatiom 
causing  sinall  initiol  nogotiv*  voiocitivs- 


Figure  D-  13.  Velocity  data  fron.  oacUlograin. 
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F'lgure  D-17.  DeQection  of  arch  CA-2  with  re«p«ct  to  the  footing. 
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Fjguie  rv  18.  Den  action  of  arch  C’A-3  with  respect  to  the  floor. 
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Figure  D- 11.  DefliM-tlon  of  arch  CA-3  with  respect  to  the  footing. 
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